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Abstract 
A system has been developed to link superheated water liquid chromatography with 
flame ionisation detection. The system has been demonstrated to be robust, sensitive 
and have a linear response, therefore having advantages over existing commercial 
universal detectors, such as refractive index and evaporative light scattering 
detectors. A wide variety of compounds, such as non-volatiles and volatiles, with 
and without chromophores have not only been detected by flow injection analysis, 
but also separations have been demonstrated. The columns used have been 
polystyrene divinylbenzene, various ion exchange columns, Zirconia-PBD and 
porous graphitic carbon, all of which have been proven to be stable at the conditions 
required to produce superheated water. The separation of various mixtures have 
required pH control and the use of buffers, all of which have been found to be 
compatible with the system. The results obtained from the system using sugars, 
amino acids and polysaccharides, which cannot traditionally detected directly by FID 
or UV without derivatisation, have proven that detection is linear and detection limits 
are better than existing universal detectors. Also it has been demonstrated that 
compounds which are not detected by flame ionisation detection, such as ammonia, 
formaldehyde, dichloromethane and ionic compounds such as sodium nitrite, can be 
detected by the new system. 
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Chapter 1 :Introduction 1 
Chapter 1 
Introduction 
The aim of the project was to develop a universal detector for liquid chromatography 
which is capable of detecting volatile, non-volatile, cbromophore and non-chromophore 
containing compounds. The intention of this system is that it would overcome many of 
the problems encountered with existing detection methods, such as the need for 
derivatisation, and selective responses. 
The most commonly used detectors in liquid chromatography are the UV -Vis [1] and 
fluorescence detectors. The UV -Vis detector relies on the absorption ofUV -Vis 
radiation at a particular wavelength (between 190 - 800 nm) by a covalent unsaturated 
functional group called a chromophore [2], whose absorption of radiation causes a 
change in the molecular transition of the molecule. 
The fluorescence detector relies on the emission of the absorbed energy as light at a 
longer wavelength, by a suitable fluorophore. Although the fluorescence detector is 
more sensitive and selective, as relatively fewer molecules fluoresce than absorb UV-
Vis radiation [3], it is also more limited in application. The principal problem both 
fluorescence and UV-Vis detectors face are that not all compounds contain 
chromophores or fluorophores which either absorb or emit within the working 
wavelength range of the detectors (190-800 nm). 
For the many compounds, which lack a useful chromophore, one answer to the detection 
problem has often been derivatisation, in which the analyst chemically attaches a 
suitable group to the analytes to facilitate detection. The drawbacks of derivatisation are 
first of all, the increase of the cost of analysis, in terms of chemicals and time required to 
perform the analysis. Also it is always uncertain as to whether the reaction has gone to 
completion. Derivatisation can cause problems in the chromatographic separation 
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because of excess reagent and the derivatised analyte (which may contain one or more 
derivatized end groups) may be seen with the same response factor [4]. 
The other options available to the analyst would be to change the method of detection to 
one of the commercially available universal detectors, which all have their own 
problems. For example, the refractive index (RI), evaporative light scattering detector 
(ELSD), mass spectrometry (MS) or a liquid chromatographic interface to a universal 
detector, such as the flame ionisation detector (LC-FlD). 
1.1 Universal detectors for liquid chromatography 
The universal detectors are so-called because they do not depend on the presence in the 
analyte of a particular functional groups, or unusual elements and are thus structurally 
insensitive. 
The three principal detection methods that have been used in the past are: 
1.1.1 Refractive index detectors 
1.1.2 Evaporative light scattering detector (or mass evaporative detector) 
1.1.3 LC transport detectors, such as LC-FID and LC-MS 
1.1.1 Refractive index (RI) detectors 
The refractive index or differential refractive index detector monitors the difference in 
the refractive index of pure reference mobile phase and column effluent [51. The 
detector provides near universal detection for organic compounds, providing that the 
refractive index of the solute and the mobile phase is different. 
The principle of detection [61 is based on the additivity law of refractive index for dilute 
solutions. Whereby the total refractive index Ne is expressed as the refractive index of 
.. 
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the mobile phase (NI) and solute (N2), and the volume of each present (VI, V2), in a flow 
cell. 
When mobile phase alone is present in the flow cell, the refractive index is equal to NI: 
When solute is present in the flow cell the resulting difference signal (S) can be 
calculated as: 
Substituting No and NI 
Therefore the signal of the detector is proportional to the concentration of the solute: 
Both negative and positive changes in refractive indexes can be obtained, which can lead 
to confusion when analysing complex mixtures. 
The main problems associated with refractive index detectors are that they suffer from 
low sensitivity because it is a bulk property detector, and are incompatibile with gradient 
elution, since a change in mobile phase composition results in a change in eluent 
refractive index, therefore affecting the baseline signal. The refractive index of an eluent 
is also sensitive to changes in pressure, and hence flow irregularities (for mechanical 
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rather than chemical reasons), and temperature and these factors must be closely 
controlled. 
There are four designs [7] of refractive index detector namely the a. Fresnel, b. 
deflection, c. interferometric and the d. Christiansen Effect. 
1.1.1.1 The Fresnel refractometer 
4 
The Fresnel refractometer operates by monitoring the loss of intensity of a beam oflight 
when reflected near its critical angle. 
The disadvantages of this detector are that it requires two prisms to cover the RI range 
and low sensitivity (1000 times less than UV). However, smaller cell volumes can be 
used with this detector, which can potentially make it more sensitive [8]. 
1.1.1.2 The Deflection refractometer 
A light source is collimated by a lens to fall onto a detector cell, which is a two 
compartment cell separating the reference mobile phase and column effiuent on either 
side of a window. The light is refracted, reflected and refracted again as it passes 
through the cell window, before passing through another lens and then on to the 
photodetector. 
The disadvantages of this detector are that the cell volumes are large therefore making it 
incompatible with microbore chromatography. 
1.1.1.3 The Interferometric refractometer 
A light source beam (e.g. 546 om) is divided into two parts, by a beam splitter, focused 
by a lens and passed through the reference and sample flow cells (typically 5 jJl). The 
light beams are recombined by a second lens and a beam splitter. This has the effect of 
correlating the wave fronts, so that they interfere (cannot be in phase as no effect). 
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Constructive interference occurs when mobile phase is in both the sample and reference 
flow cells. Partial destructive interference occurs when a solute is in the sample cell, 
since the difference in refractive index between the solute and mobile phase causes a 
change in the optical path of the sample. Thus the two beams are out of phase and the 
intensity and hence sensitivity is reduced. 
1.1.1.4 The Christiansen Effect refractometer 
This detector is based on the principle that light is transmitted through fluids and solid 
particles if the refractive index of the fluid is identical to that of the solid. The detector 
uses a cell packed with a solid which has the same refractive index as the mobile phase, 
so that light is transmitted through the cell. 
A tungsten lamp is used to provide a broad spectral band emission, which is 
concentrated onto an aperture by an optical condenser. An achromatic lens is used to 
make the beam paralle~ then the light beam is split into two by a double prism The two 
parallel beams oflight then pass through reference and samples cells and are monitored 
by a pair of wavelength sensitive photocells. Only a narrow band of wavelengths, 
closely matching the refractive index of the mobile phase and the solid particles is 
transmitted through the cell. Therefore, when the refractive index of the solution flowing 
through the cell changes, the amount of transmitted light is reduced which gives rise to 
the signal. 
1.1.2 Evaporative Light Scattering Detector (ELSD) 
The ELSD was first reported by Charleswortb in 1978 [9]. The eluent from a 
chromatographic column is nebulised by a concentric nebuliser, mixing with a suitable, 
warm nebulising gas to form an aerosol spray. The spray passes down a heated drift 
tube, where the solvent within the aerosol droplets evaporates to leave particles of non-
volatile solute. The solute particles are carried by the nebulising gas across an intense 
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light beam, originally from a lamp but now commonly from a laser, where the amount of 
scattered light is collected by a photocell or photomultiplier or photodiode. The signal is 
a measure of the amount of non-volatile solute [9-12] in the sample. 
I Column effluent 
ebulizer ~ 
-
"-
\11 ~ Nebuliser I 
1 Light ! Heated evaporator tube I source 
"'" ~< C20 (--, Light trap '1;'-' \ ~\~ 
- I 1 
,_,' Photomulttpher 
- -
.. 
• 
I Exhaust 
Figure 1.1 Schematic diagram of an evaporative light scattering detector 
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The mechanism of light scattering is dependent on the number, shape, surface properties 
and particle size of the solute particles [5, 6, 9, 13 - 15]. When solute particles pass 
through a beam oflight, the effect of the solute in the light beam may be absorption, 
reflection, refraction, Rayleigh Scattering or Mie Scattering. The process of scattering is 
dependent upon the radius of the suspended particle in relation to the wavelength of 
incident light [5]. 
Radiation is, by definition, the emission or transfer of radiant energy as photons and is 
produced when light falls on a solid particle, by oscillation of the electrons. All of the 
radiation is emitted at an angle different from that of the emission direction and interfere 
destructively, if the particle is homogeneous. 
Reflection and refraction occur when the particle size and the wavelength of light are 
similar [5]. Hence reflection and refraction take over at higher particle sizes, which is 
more efficient IPld increases sensitivity. 
a. Rayleigh Seattering 
Rayleigh scattering, by definition [I6], is scattering oflight by particles which are very 
small (the ratio of the particles diameter to the wavelength of incident light is less than 
0.1) compared to the wavelength of the radiation being considered. It occurs when 
radiation is scattered in various directions due to the particle being inhomogeneous. 
A feature of Rayleigh scattering is that it is inversely proportional to the fourth power of 
the wavelength. It is dominant in ELSD when low concentrations are used, as smaller 
particles are formed as the solvent evaporates from the droplet. 
These small droplets r/l.. < 0.05 absorb any light and re-emit energy radiation in all 
directions. 
b. Mie Scattering 
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Mie scattering [13], is exhibited by particles which are about the same size as the 
wavelength of radiation under consideration (ratio of particle radius to incident 
wavelength is greater than 0.1 and 2). with a refractive index significantly different from 
that of the surrounding media. It predominates when the solute of interest is in high 
concentrations, when large particles are formed post evaporation. The light re-emitted by 
the larger particles has different amplitudes and phases than the incident light, and the 
intensity of the emitted radiation is dependant on whether the separate waveforms 
combine constructively or destructively [5]. The maximum sensitivity of the ELSD is 
observed when the ratio of average droplet diameter to wavelength is about 3.5, where 
diffraction and reflection on the particles surface is dominant. Above this value the 
sensitivity decreases due to a reduction in the average droplet diameter to wavelength 
ratio, below this value Mie scattering occurs and the intensity is reduced by interference 
[6]. 
The importance of the mean droplet size on the mechanism of light scattering is clear 
and hence its effect on the intensity of the radiation and detector response. 
The main factors which affect the size of the aerosol droplets are: 
1.1.2.1 
1.1.2.2 
1.1.2.3 
1.1.2.4 
1.1.2.5 
Carrier gas flow rate, 
Physical properties of the mobile phase, 
Mobile phase flow rate, 
Solute concentration I Sample size, 
Drift tube temperature. 
1.1.2.1 Effect of Carrier gas flow rate 
If the carrier gas flow rate is too high it results in the production of small aerosol 
particles, which pass down the drift tube too rapidly to allow complete mobile phase 
evaporation, leading to a decrease in detector response [8, 9, 17]. The result of using a 
nebulising gas flow rate that is too low, is the formation of very large droplets, which 
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vaporise very slowly as they pass down the drift tube, resulting in an increase in 
background noise and the occurrence of spikes on the baseline. Willoughby and 
Browner [18] reported, that the application of a carrier gas with a higher thermal 
conductivity than the mobile phase, resulted in an improvement in the evaporation of the 
mobile phase from the solute. 
1.1.2.2 Physical properties of the mobile phase 
The only requirement for light scattering detection is that the mobile phase to be used is 
more volatile than the ana1yte of interest and contains no non-volatile components such 
as inorganic buffers or ion-pair reagents. It has been reported [5, 8, 9] that different 
physical properties, such as surface tension, viscosity and density of different solvents, 
result in changes in the surface volume mean diameter, hence droplet size, which causes 
a change in response. But these properties are not as significant as the changes in carrier 
gas flow rate [9]. 
Nukiyama and Tanasawa [19] developed a equation linking the average droplet diameter 
Do to the surface tension (a), viscosity (Il) and density of the solution (P); 
Do = 585d12 + 597( Il )0.4S (1000QI)1.S 
(ug - UI) pll2 (ap *) (Qg) 
Where UI and ug are the velocities of the liquid and gas and QI and Qgare the flow rates 
of the liquid and gas. 
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1.1.2.3 Mobile phase flow rate 
The average droplet diameter decreases with increasing carrier gas flow rate and 
decreasing mobile phase flow rate [11]. Hence decreasing the mobile phase flow rate 
results in a decrease in droplet size. 
1.1.2.4 Solute concentration I sample size 
For solutes at low concentrations, the particle size, after evaporation of the mobile 
phase, is small, as the ratio of surface area to volume increases [11] and Rayleigh 
scattering dominates whereas at high solute concentrations, large particles are formed 
and Mie scattering dominates. The effect of sample concentration in the droplet (C) on 
the size of the particles entering the optical cell (D) can be explained further by the 
equation 
D = Do (C) l~/(p.) 
Where Do is the average droplet diameter obtained at the outlet of the nebuliser, p. is the 
density of the ana1yte. To tune an ELSD the objective is to form aerosol droplets of a 
narrow size distribution and of the largest diameter possible without generating a noisy 
baseline due to incomplete solvent evaporation [11]. 
Hopia and 011ilanen [20] noted that response factors for the ELSD increased with 
increasing injection volume, thus indicating an increase in light scattering for an increase 
in concentration. They further explained their findings by claiming that as particle size 
changed, the mechanism of scattering changed from non-efficient Rayleigh and Mie 
scattering to more efficient reflection and refraction scattering. This causes a strong 
increase in the response factors of the ELSD and can help explain why the calibration 
curves of the ELSD are often sigmoidal [5, 9, 11, 17]. 
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1.1.2.5 Drift tube temperature and length 
The temperature of the drift tube should to be sufficiently high to remove all of the 
mobile phase during the migration of the droplets down the drift tube [5, 8] to leave a 
solid particle of analyte. The optimum temperature depends upon the composition of the 
mobile phase: The temperature rises with increasing solvent heat of vaporisation [9]. It is 
preferential to use the lowest minimum temperature, not only to prevent vaporisation of 
analytes, but to produce larger droplet sizes, hence increasing the intensity oflight 
scattering. If the temperature is too high the result could be total vaporisation of the 
analytes (complete loss of signal) or systemic error (partial vaporisation ofanalytes). 
Mourey and Oppenheimer [9] found that the drift tube temperature only had a minor 
effect between SO - 100°C and that variations in response caused by temperature were 
due to differences in the physical properties of the mobile phases. They also found that 
more reproducible results were obtained when using the lowest temperature. 
The length of the drift tube has been found to have an effect on the signal to noise ratio 
[21] but not on the limit of detection. An increase in signal to noise ratio was observed 
for shorter drift tube lengths, but this problem could be overcome by increasing both the 
carrier gas flow and the temperature in the carrier gas preheating element. 
1.1.2.6 Applications ofthe ELSD 
The ELSD has become a widely accepted method of detection for relatively non-volatile 
compounds, such as surfactants [22 - 26], amino acids [27], fatty acid methyl esters 
[28], polymers [29 - 30], chitosans [31-32], pharmaceuticals [33], triacylglycerols [15], 
carbohydrates [34 - 36] and peptide mapping of proteins [37]. 
The advantages of using a ELSD is that it can detect virtually any solute without the 
requirement of a chromophore or fluorophore and unlike RI, it is compatible with 
gradient elution. It has also been successfully linked to supercritical fluid 
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chromatography [12, 38], capillary electrochromatography [391 high temperature micro 
liquid chromatography [18, 40] and continuous flow systems for screening purposes 
[41]. 
However, the ELSD is limited by the requirement of a volatile mobile phase. Difficulties 
have been cited when using water as a mobile phase due to its high heat of vaporisation, 
as higher drift tube temperatures are required to evaporate the water, which results in a 
decrease in sensitivity [5, 8]. Also, due to the mechanism of light scattering, calibration 
curves are non linear. 
1.1.3 Transport detectors for Liquid Chromatography 
The flame ionisation detector (FID) responds to most organic compounds, it has a large 
dynamic linear range, suited to the detection of compounds in a gas stream and is 
generally viewed as a universal detector for gas chromatography, as almost all organic 
compounds give similar responses [42]. However, one drawback of gas chromatography 
is the reliance on the volatility of the analyte for both detection and separation. If a non-
volatile sample is injected onto a GC column, it remains at the top of the column where 
it chars, deteriorating the column and increasing the background signal. 
As GC separations rely on the volatility of the analytes, the only method for separation 
of non-volatile analytes is by Le. Therefore the detection of non-volatile analytes 
requires an interface to transport the sample to the flame of the FlD, post separation. The 
main problem facing the direct linkage ofLC to FID, is that organic solvents, used for 
LC, give a high response, which swamps the flame of the detector, thereby making 
detection of solutes impossible. Therefore it is imperative that all organic solvents! and 
mobile phases are removed prior to detection by FID. 
In order to facilitate the complete removal of mobile phase from the analyte, a number 
of transport detectors have been developed. The idea behind these is that the column 
effluent is applied to a transport carrier medium, to produce a thin film of liquid 
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containing both the mobile phase and the ana1yte. The carrier medium is then passed into 
a heated zone, where the mobile phase is removed, leaving the less volatile solute on the 
carrier. The solute is then further heated or pyrolysed and the resulting vapours are 
swept by the aid of a gas to the FID. 
The advantage of transport detectors is that gradient elution can be used as the 
composition of the mobile phase is not important, as it is evaporated prior to detection. 
The only drawback of this method of detection is that the mobile phase must be more 
volatile than the solutes, otherwise systematic losses occur or the background noise 
increases. 
A number of transport detector have been developed to link Le to FID. These are: 
1.1.3.1 
1.1.3.2 
1.1.3.3 
1.1.3.4 
1.1.3.1 
Moving wire detector [43 - 47] 
The chain detector [48-49] 
The rotating disc [50 - 51] 
The rotating belt [52 - 53] 
The moving wire detector 
Figure 1.2 Schematic diagram ofthe moving wire detector 
D 
• 
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A coiled iron wire B. narrow capillary C. ball races D. quartz tube E. brass block fitted 
F. hypodermic needle G. stainless steel tube H. brass T piece I. Stainless steel tube J. 
argon ionization detector K. stainless steel pipe wound round the central tube L. argon 
inlet through stainless steel tube M. T -piece P. glass capillary through which the wire is 
led [43, 44). 
The first moving wire detector [43, 44] worked by fll'st cleaning a thin iron 
thermocouple wire by passing it through a quartz tube heated to 750°C through which a 
suitable gas. such as nitrogen or argon, was used to remove residual lubricant from the 
wire. 
The clean wire was then passed through the effiuent of a chromatographic column, so 
that it was coated with a thin layer of mobile phase and solute. The mobile phase was 
evaporated by passing the wire into a chamber heated to an appropriate temperature. A 
heated argon stream flowed through the oven to carry the volatilised eluent away. The 
solute residue on the wire is then transported by the wire into a oven heated to 600°C, 
where it was pyrolysed. 
Argon was continuously blown through the oven, to carry the low molecular weight 
pyrolised solute to an argon ionisation detector, which was operated at room 
temperature. An argon ionisation detector was chosen for the detection ofinvolatiles. as 
it is capable of detecting non-volatile material in column eluents [43, 44). 
The sensitivity of the detector was found to be proportional to the mobile phase flow rate 
and the speed of the moving wire. The higher the mobile phase flow rate, the faster the 
speed of the moving wire required to maintain sensitivity. Typical mobile phase flow 
rates were 0.5 - 5 mlImin and moving wire speeds ranged from 110 - 330 cm/min. 
Although the detector was demonstrated to work, unfortunately the sensitivity was little 
better than the refractive index detector (around 5 x 10.6 glml 2), as it suffered from 
excessive noise and irregularities in the pyrolysis process. The dynamic linear range was 
found to be less than two orders of magnitude [44). This configuration was developed 
further by Pye Unicam, who replaced the argon ionisation detector by a hydrogen flame 
ionisation detector, and employed nitrogen as the carrier and exhaust gas. 
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Further modifications (Figure 1.3) to the moving wire detector were made by Scott and 
Lawrence [45], who instead of relying on pyrolysing the non-volatiles in a heated oven, 
combusted them with oxygen. The reason behind this change in configuration was 
because many compounds only produce a small fraction of volatile components after 
pyrolysis, therefore the FID would only be detecting a very small percentage of the non-
volatile anaIyte. Whereas the combustion of non-vola tiles produced carbon dioxide and 
water, which was then mixed with hydrogen and passed over a nickel catalyst, to convert 
the carbon dioxide to methane, which was easily detected by the FID. 
Evaporator oven 
from 
column 
Coating "" bIoCk.~ 
Feed spool 
Oxidation oven 
~Nu::k.eI catalyst 
Cleaner 
oven 
N olecular entrainer 
H,mogen I argon 
CoUection spool 
Figure 1.3 Sc:bematic: diagram of the modified wire detec:tor [45] 
Other modifications made by Scott and Lawrence [45] were to increase the intema1 
diameter of the jet of the FID and the hydrogen lines. All of the modifications resulted in 
an increase in sensitivity and this was maintained even for compounds with high oxygen 
content. The response of the detector expressed as a Log [detector ionisation current] to 
Log [carbon dioxide] plot was found to be linear, therefore enabling quantitative 
analysis to be performed. 
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The most crucial part of the system was found to be the temperature of the mobile phase 
within the oxidation oven. Ifboth volatile and in-volatile compounds were to be 
analysed together and the temperature was too high, the volatile compounds would 
volatilise and hence their response would be poor. 
A major consideration to be taken into account for this type of detector was that 50"10 of 
the noise was attributed to the FID and the majority of the rest of the noise was due to 
fluctuations in the speed of the wire motor drive. 
Other modifications made to detectors include using helical wires [54] to improve the 
uniformity of the coating of the mobile phase, changing the coating of the wire [55] and 
changing the method of application of the eluent to the wire [56]. 
The transport interfaces basically work as described previously, but subtle changes in the 
design, have brought about large differences in terms of their sensitivity. 
Other modifications to the moving wire detector were to replace the tip of the FID jet 
with a tip made of compressed sodium sulphate [46], which produced an alkali flame 
sensing element. This modification of the flame enabled the FID to analyse thermally 
labile halogen derivatives oftetrahydrofurans [46]. DIning this work, it was found that 
both the temperature of the FID flame and emission of the a1kali increased with an 
increase in hydrogen gas flow rate. This leads to an increase in the background 
ionisation current, which in turn increased the response and the background noise. The 
response of the alkali FID was found to be proportional to the content of halogen. A 
lower than expected response was found for an increase in halogens per molecule, which 
can be explained by an increase in volatility of the solute. 
Important, work undertaken by Slais and Krejci [46] gave an indication why the 
sensitivity of the moving wire detectors' was not as high as expected. They showed that 
only 0.5% of the column effluent was transported by the wire to the detector and only 
50% of the air, which was used to sweep the combustion products, reached the FID. 
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However, the ionisation efficiency of this transport detector using an alkali FID was 
comparable to that of an AFID used in GC. 
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Various efforts were therefore made to try to increase the percentage of solute transfer, 
thus increase the sensitivity of the detector. These were mainly aimed at increasing the 
surface area available to the eft1uent / solute and were of two main forms. The first was 
the helix detector [54], where a second wire was spiralled around the central wire. 
The second involved the use of wires coated with sodium silicate, kaolin or copper-
kaolin mixture [55], to produce a porous coating on the wire, to trap the solute within. 
All of these systems had employed mobile phase flow rates between 0.5 - 5 ml / min 
and therefore high wire speeds were required to obtain a film of usable thickness. 
This problem was overcome by the linkage of micro bore HPLC columns to the moving 
wire detector [47]. At mobile phase flow rates between 60 - 100 IJ.lImin and increased 
wire speeds of 360 - 480 cm/min, it was reported [47] that all of the column emuent 
was transported to the detector by the wire. However, the coating of mobile phase and 
solutes onto the wire still resulted in a non uniform film, which resulted in baseline 
fluctuation. Nevertheless, this methodology was used to analyse fatty acids, glycerol 
esters and carbohydrates, for which detection .limits of 160 ng for xylose and 400 ng for 
lactose were reported. 
1.1.3.2 The cbain detector 
The first chain detector [48] was developed around the same time as the moving wire 
detector. The difference from the moving wire was that the chain detector used a 
hydrogen flame for the detection of higher boiling point material and a gold chain 
continuous loop was used, in place of the disposable spool of wire. Unlike the moving 
wire detector, the detection of volatile and non-volatile analytes relied on the processes 
ofvolatilisation and pyrolysis. 
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Gold chain 
Air inlet 
Figure 1.4 Schematic diagram ofthe chain detector [48] 
The circulating gold chain was driven by at a speed of 1 mmlsec. through a coating 
block, where the etlluent from the column was deposited onto it as a thin film. The chain 
then passed into an evaporation tunnel through which air was blown, to help evaporate 
any solvent from the chain. The chain then passed into the flame of the FID, where 
higher boiling point materials were combusted. The products of the combustion process 
gave rise to an ionisation current, which was monitored by the detector. As with the 
moving wire detector, the response given by volatile compounds was smaller than that 
of less volatile compounds, due to partial evaporation immediately before entering the 
evaporation tunnel. Nevertheless, despite the output from the detector being noisy, due 
to the absorption of high concentrations of solute in the links of the chain, the analysis of 
lipids, triglycerides and esters was reported. 
Further work undertaken by Kannen [49] noted that as non-volatile lipid residues, 
approached the flame they were seen to melt and move in the away from the flame, 
where they formed droplets and subsequently fell off the chain. Therefore, it is clear that 
Chapter 1:Introduction 19 
the limits of detection were poorer than would have been expected. Some non-volatile 
compounds also crystallised as they approached the flame, and spattered, again giving a 
higher than expected limit of detection due to loss of analyte. 
1.1.3.3 The rotating disc 
Due to the problems of sample deposition observed for the chain and moving wire 
detector, alternatives were examined. Dubsky [50] claimed to overcome these problems 
by continuously depositing the column efiluent onto a rotating circular net (disc), which 
presented a higher surface area for the coating of the efiluent in comparison to the 
moving wire or chain detectors. The disc then entered a flame ionisation detector after 
evaporation of the mobile phase (figure 1.5). The advantages of using a rotating disc 
were, firstly, a ten-fold increase in sensitivity when compared to previous 
configurations. The net could also be impregnated with chemicals to improve volatility 
and act as a combustion catalyst or an ionisation medium for thermionic detection. 
The construction of the detector was substantially different from the moving wire and 
chain detectors, as the mobile phase was evaporated by heating the disc with an infrared 
lamp, which was placed ahead of the point of column efiluent application. The residual 
solute was rotated through 1800 into the flame of the FID, where electrodes were placed 
above the disc, to facilitate the detection of ions, which lead to a signal. As with the 
moving wire and chain detectors, an increase in sensitivity was observed with an 
increase in the speed of the transport interface. 
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Figure 1.5 Schematic diagram of a rotating disc detector [SO) 
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Szakasits and Robinson [51] claimed that excessive noise was observed due to the 
diffusion of the sample onto a hot metal conveyor, as previously seen with the chain 
detector. To overcome this problem, the rotating net was exchanged for a porous 
alumina disc, which reduced the amount of noise observed. However, small spikes were 
observed on the side of peaks when n-pentane was used as a solvent. These were thought 
to be due to occasional gas bubbles ejected from the tip of the applicator and/or the 
flashing of the solvent. 
Other problems associated with the rotating disc detector were the reusability of the 
alumina disc, due to pore blockage, and the subsequent increase in the background noise 
due to incomplete removal of ana1ytes. 
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1.1.3.4 Moving belt detector 
Following on from the rotating disc detector, the moving belt detector was developed 
from the system originally described by McFadden [57 - 60] as an LC interface for mass 
spectrometry. 
For LC-FID there are two main designs, firstly by Simmonite [53] whose configuration 
was manufactured by Analink Developments (Figure 1.6). The second design was 
described by Brown [52], which was improved by combining the use of a quartz belt 
with a rotating disc, and was subsequently manufactured by Tracor [61]. 
__ ~ .. ADNethaniser Nitrogen 
cmtier 
EKhaust coIvent vapour 
Desoluator eztraclion a,steta 
Nitrogen baDast 
Figure 1.6 Schematic diagram of moving belt detector as manufactured by Analink 
[53]. 
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For the LC-FID as described by Simmonite [53], the column emuent was deposited in a 
thin film onto the surface of a rotating quartz belt. The beh passed into a heated chamber 
and air [53] or nitrogen [52] passed over it to aid the evaporation of the mobile phase, 
leaving the residual non-volatiles on the beh as a solid or liquid. The solutes were either 
passed directly into the flame, where they were combusted [52] or the belt passed into a 
combustion oven where the non-volatiles were pyrolysed or combusted, and passed 
through a methaniser to form methane which was subsequently detected by the FID. 
Both instruments have been demonstrated to detect polymers [52, 53,62], triglycerides 
[52, 53], prostaglandins [53], steroids [53], hydrcarbon group types [63, 64], trimer in Z-
Il-hexadecenal pheromone [65], petroleum waxes [66] and mineral oils [53]. As with 
previous detectors, the disadvantages of this type of detector are losses of volatiles, due 
to premature or late vaporisation from the belt and mechanical failure of the belt. 
1. 2 Water as a chromatographic eluent 
Water is a cheap, common solvent available in large quantities. Its use plays a large part 
in everyday life for cooking, drinking and cleaning and its availability is generally taken 
for granted in the western hemisphere. Yet it is the backbone to life, it constitutes a large 
proportion of the body, where it plays a major role in the structure ofDNA[67] and the 
very functioning of the body. It also represents 71% of the earth's surface and plays a 
major role in climates, where an extreme lack of or excessive amounts decide the fate of 
many living organisms. So it can clearly be seen that although it is common, cheap and 
available in copious amounts, it should never be taken for granted as it is vital to our 
very own existence. 
Water is a simple molecule, combining two atoms of hydrogen and one atom of oxygen 
to form a single molecule. To form one single droplet requires billions of water 
molecules [67]. Whilst being one of the simplest of molecules, it is also one of the most 
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complex and least understood, whose properties show many anomalies. For instance, 
water has a relative molecular mass of 18, so one could reasonably expect it to exist 
primarily as a gas at room temperature, but it is a liquid. When solidified, it floats, when 
one would expect it to sink. As a molecule, water is described as one of the most polar 
solvents, with its polarity arising from the uneven distribution of electrons. Due to the 
polar nature of the molecule, it is capable of dissolving most ionic species. However, at 
room temperature, water cannot solvate non-polar, hydrophobic compounds. 
1.3 Background to Superheated water 
To superheat a liquid, by definition [68], means to "to heat a liquid above its boiling 
point without boiling occurring", in other words heating a liquid to a temperature where 
a change of state should occur, without the change of state occurring. During this thesis 
superheated water is defined as water heated above 100°C and less than its critical 
temperature, under sufficient pressure to prevent it from boiling (above 15 bar). The 
temperature range used for most of the work was 100 - 250°C. 
Supercritical water is defined as liquid water heated above its critical temperature and 
pressure of 374.3°C, and 221 atm [69]. It is also of interest to organic chemists, as it is 
capable of solubilising organic compounds and oxygen and can be used for many 
reactions as a unique solvent. 
If heated below the critical temperature under sufficient pressure to remain as a liquid, 
the polarity of water is substantially reduced, thus enabling the dissolution of 
hydrophobic compounds. This can be partially observed by the measurement of the 
dielectric constant of water at elevated temperatures, as an approximate measure of the 
polarity of a solvent. 
Initial studies on the effect of temperature on the dielectric constant (e) of water were 
undertaken by Wyman [70], who found that on going from 0 to 100°C the dielectric 
constant reduced from 88 to SS. Fol\owing on from this work, Akerlof[71] undertook 
studies on the effect of temperature on the dielectric constants of various organic solvent 
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/ water ratios, across the temperature range of 0 - 100°C (figure 1.7). Again, a gradual 
decrease in the dielectric constant was observed with an increase in temperature. 
The dielectric constant of methanol - water mixtures at 
various temperatures 
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Figure 1.7 the effect on temperature on the dielectric constant of various methanol 
- water mixtures (71) 
From this study, the dielectric constants of various organic solvents were determined, 
such as methanol whose dielectric constant at ambient conditions was found to be E = 
32.35, which is significantly lower than that of water at 100 °C. 
It was work undertaken by Akerlof and Oshry [72], that overcame the problems 
associated with the measurement of the dielectric constant at temperatures between 100 -
370 °C, and finally determined that when water was heated above its boiling point, 
under sufficient pressure for it to remain as a liquid, its dielectric constant decreased 
(figure 1.8). The lowering of its dielectric point was to such an extent, under certain 
conditions, that its value was similar to that of organic solvents, such as methanol and 
methanol / water mixtures as traditionally used in reversed phase liquid chromatography. 
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Figure 1.8 The effect of temperature on the dielectric constant of water [72] 
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It can be clearly seen that when water is heated under pressure to temperatures above its 
boiling point, it can truly obtain a dielectric constant similar to that of methanol and 
methanol - water mixtures from ambient up to 60 °C. This can more clearly be seen by 
comparing the data from figures 1. 7 and 1. 8 and figure 1. 9.) 
The effect of temperature on the dielectric constant of 
water and methanol - water mixtures 
a 100 1;; 
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80 0 ~ (.) 60 -(.) ·c 40 ::::::::: - JOOlo methanol 0 ., 20 - - 300lo methanol o:l 
i:s 0 , 50% methanol 
0 100 200 300 400 
- 80% methanol 
Temperature (celcius) - 100"10 methanol 
- 100"10 water 
Figure 1.9 culminated data from figures 1.7 and 1.8 [71, 72]. 
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From figure 1.9 it can seen that ifwater is heated, under sufficient pressure for it to 
remain as a liquid, to a temperature of210 cC, its dielectric constant is lowered to E = 
32.93. This is comparable to the dielectric constant of methanol at 20°C, & = 32.7. 
The influence of temperature and pressure on the dielectric constant of water has far 
reaching implications, when considering the dielectric constants of other commonly used 
solvents [73] at ambient temperatures (table 1.1). 
Table 1.1. Dielectric: c:onstants of c:ommon solvents at ambient [73] 
Solvent Dielectric constant (&)1 F m -1 
Acetonitrile 37.5 
Ethanol 24.6 
Acetone 20.7 
Tetrahydrofuran 7.6 
Chloroform 4.8 
Hexane 1.9 
From this data, it can be seen that when water is heated above 100° C at temperatures 
below its critical temperature, it can mimic the dielectric constants of widely used 
chromatographic eluents such as acetonitrile, ethanol and acetone. 
. 
At 300 cC, water has a similar dielectric constant (&H20= 20), polarity and density as 
acetone. Alongside the reduction of the dielectric constant, with increasing temperature 
is a reduction in the solubility parameter [74] from 23.4 to 14.5 call cm 3 at 300°C. The 
effect of the reduction in the solubility parameter means that as the temperature of the 
water is increased, the dielectric constant decreases and the solubility of non-polar 
organic compounds in water increases. Therefore this can be used as a key to controlling 
analyte solubility. 
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The solubility of a range of polar and non-polar organic compounds were measured in 
water, up to its critical temperature [75, 76] it was found that non polar compounds 
exhibited enhanced solubility in water as it approaches its critical temperature. For 
example, alkyl aromatic compounds are reported to be completely soluble at 
temperatures of300 °C and above [75], n-heptane displays a five fold increase in 
solubility at 350°C compared to that at ambient and toluene is completely soluble at 
temperatures above 30S QC. 
More recently, this effect has been successfully demonstrated by Miller and Hawthome 
[77]. They found that for a non-polar molecule, such as naphthalene, a 6 fold increase in 
solubility in water was observed at 65°C. The solubility of chlorothalonil showed a 130 
000 fold increase at 200 °C in comparison to its solubility at ambient. 
Other changes in the properties of water when heated above its boiling point under 
pressure are in the negative logarithmic ionic product of water (PKw) [7S, 79]. At 150 
QC, the pKw of water is 11.6, therefore giving a neutral pH of5.S, whereas at 250°C, 
the pKw is 11, giving a neutral pH of 5.5. Therefore as the temperature of water 
increases, water becomes both a stronger acid and base, thus enhancing acid and base 
catalysis due to the natural kinetic increase with temperature [74] and the increased 
availability ofII' and OH' which can act as catalysts for chemical reactions [SO). All of 
these properties allow water at temperatures above 200° C to act as an acid, base or bi-
catalyst therefore reducing the need for neutralisation and catalyst regeneration. 
It is clear to see that the properties of subcritical and supercritical water enable it to be 
used to replace a range of commonly used organic solvents for organic reactions and 
synthesis. This has been successfully demonstrated for a wide range of reactions, such as 
hydrolysis [74, SI], catalysed hydrolysis [S2 - 84], oxidation [SS, S6], cleavage [74, S7], 
deuteration reactions in superheated deuterium oxide [SS], condensation [74] and non-
catalytic rearrangements [S9). 
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After the reports of increased solubility of non-polar and polar compounds in subcriticaI 
and supercritica1 water, the natural progression of research was to apply this technology 
to extraction methodology. Subcritica1 or superheated water have been successfully 
demonstrated to extract essential oils from plants [90 - 96], elements from spiked sand 
or sludge [97), and coal [98, 99], pesticides from foods [100], herbicides from soils [101 
-106], organic pollutants from spiked sand, soils and sediments [107 -115] and organic 
carbon types from humic soil [116]. 
The use of subcriticaI water as an extractant of oxygenated compounds from plants, for 
the production of essential oils, is proving to be a powerful tool, when compared to more 
traditional methods of extraction, such as hydrodistiIIation, SoxhIet and carbon dioxide 
supercritica1 fluid extraction. Although the first of these can be viewed as a very Iow 
dielectric constant version of water [95]. The advantages of using subcritica1 water as an 
extractant are that the extraction times are lowered [92, 93,96], the efficiency of 
extraction is better [91 - 93, 95], and cheaper [90 - 92, 95]. An improved quality of the 
essential oil [90, 95] has been reported as superheated water is more selective than other 
extraction methods, as unlike steam distiI1ation, it does not extract non-polar alkane 
terpenes, Jipids and large hydrocarbons. It is also more suitable for volatile and 
thermolabile compounds [91] and is environmenta1ly friendly [90, 92]. 
It has been demonstrated that the key variable for the extraction of oxygenated 
compounds from plants, is an increase in temperature (up to an optimum), which results 
in an increase in the rate of extraction [90-93, 95]. Other observations were that an 
increase in pressure at temperatures below 200°C gave no significant difference in terms 
of yield [92, 95), although data produced by Rovio et al. [93) and Ammann et al. [96] 
claimed the that pressure can be manipulated to optimise the yield. Flow rates have also 
been demonstrated to affect the yield [92, 95]. 
These findings were reflected when extracting metal ions using acidified subcritica1 
water [97-99], herbicides using buffered subcriticaI water [103], pesticides from food 
using hot pressurised water [100], a range of acidic, non-acidic polar and non-polar 
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herbicides [101, 102, 104, 105], organic pollutants from sand, soil and sediments [107-
115] and organic types from humic soil using subcritica1 water. 
It can be concluded that an increase in pressure has a minimal effect when water is in the 
condensed liquid phase. Even though it has been demonstrated that an increase in 
pressure, results in a slight increase in the dielectric constant [107, 113, 115] which 
should therefore inhibit the extraction of low polarity organic compounds, the effect is 
small and is not reflected by changes in observed extractions. 
1.3.1 Extraction of neutral and non-polar compounds 
The methods employed for the extraction of non-polar organic pollutants (such as n-
aIkanes [107, 109, 115], polychlorinated biphenyls (PCBs), [108] polycyclic aromatic 
hydrocarbons (PARs) [109], polychlorinated naphtha1enes (PCNs) [113], 
polychlorinated dibenzofurans (PCDFs) [113], chlorinated phenols [107] and substituted 
aromatic compounds [109]) employed a liquid-liquid extraction (typically n-heptane was 
used as the extractant from water) whereby the column effluent was passed into a vessel 
containing a solvent suitable for GC analysis. Liquid-liquid extraction of the anaIyte of 
interest was performed prior to analysis by GC. 
The findings from the initial work was that P AHs could be quantitatively extracted using 
superheated water at 250 - 300°C, above 50 atm and that the results were comparable to 
sonication and Soxhlet extraction. Better extraction efficiencies of more non-polar 
compounds, such as higher molecular weight a1kanes, PCDFs, PCNs, were achieved 
using steam, which has a dielectric constant of 1 and this value is closer to the dielectric 
constant of these compounds. Hence steam will extract these types of compounds more 
efficiently than superheated liquid water. The effect of temperature on steam extraction 
has been assessed [108, 109, 113] and it has concluded that temperature has little effect 
on the dielectric constant of steam. Instead the increased extraction efficiency of steam 
at elevated temperatures is attributed to a combination of enhanced thermal desorption, 
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increased analyte vapour pressures and faster extraction kinetics of hydrophobic 
compounds. 
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To overcome the poor repeatability associated with liquid -liquid extraction of the 
extractant from the aqueous extraction into a non-polar solvent for GC analysis two 
alternatives were examined. Hartonen [110) replaced the liquid-liquid extraction with a 
solid phase trap, which was packed with Florisil, XAO-4, XAD-7, Tenax GC for PCBs . 
and Tenax-GR and Tenax-TA for PAHs and n-alkanes. Unfortunately Florisil, XAD-4 
and XAD-7 produced poor recoveries for PCBs when eluted with n-heptane. Improved 
repeatability and recovery was observed using the Tenax GC trap. Graphitised Tenax 
proved to be too retentive for n-alkanes but Tenax-TA gave good recoveries and 
reproducibilities when steam was used as the mobile phase. Due to the aromatic nature 
ofTenax, strong interactions were formed between the sorbent and PAHs, and steam 
proved to be more efficient at extracting P AHs from Tenax-TA, than superheated water. 
Yang et al. [105,114) took a slightly different approach and directly linked a solid 
phase trap to an HPLC system. The sample was extracted with superheated water, the 
analyte of interest was trapped onto the solid phase trap, then eluted by aqueous-
organic mobile phase and injected onto an HPLC column prior to quantitation by a UV-
Vis detector. 
A wide range ofanalytes were extracted from sand, soil [114) or paper and sand [105), 
onto a silica bonded C18 packed solid phase trap. The extraction compared favourably 
to sonication extraction followed by GC analysis [114) and provided higher sensitivity 
than the previous off-line methods. It also demonstrated that some peak broadening had 
occurred, when comparing the peak shapes of non-extracted standards to extracted 
samples, but the peak shapes were similar and the on-line extraction technique offered a 
convenient mode of operation. 
Hawthome et al. [112) extracted PCBs from soil using subcritical water (250°C, 15 - 60 
minutes). After extraction, the extraction cell was cooled and an aliquot was transferred 
to an autosampler vial containing a stirrer bar, and an solid-phase microextraction fibre 
(polydimethylsiloxane coated}. The fibre was exposed to the water for 15 minutes, when 
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it was withdrawn, and inserted into a heated (300°C) splitlsplitless injection port to 
volatilise the ana1yte for detection by GC. The findings from this work were that the 
extractions were in agreement with Soxhlet extraction. Kipp et al. [111] also used 
superheated water to extract P AHs from sediments and used enzyme immunoassay for 
their determination. They also found that the extraction recoveries were comparable to 
those of Soxhlet extraction. 
The intermolecular interactions of a range of polar, non-polar organic solutes with five 
different sorbents (glass beads, a1umina, Florisil, silica bonded C18 and XAD-4) and 
their elution with subcritical water was undertaken by Yang et al.[117]. For these 
experiments, the ana1yte of interest was spiked onto the top of an packed stainless steel 
column and eluted using water at different temperatures (50 - 250°C) and pressures (5 
and 50 bar). 
Polar solutes were found to be effectively eluted from normal phase sorbents (Florisil 
and alumina), using water at low temperatures (50°C), where it is more polar and has a 
high dielectric constant. This demonstrates that water effectively disrupts and breaks 
dipole interactions between the sorbent and solutes. However, elution from reversed-
phase packing materials (C 18 and XAD-4) generally required water which was between 
100 - 150°C higher than that required for normal phase packing materials. This can be 
explained by the fact that more energy is required to break the Van der Waals 
interactions (for C18) and 1t-electron interactions (for XAD-4) between the sorbent and 
solute. In addition, less polar solutes, such as aromatic solutes, were found to require an 
elution temperature 50°C above that ofC18, from XAD-4 since it is capable oh and 
Van der Waals interactions with the analyte. However, n-decane, which can only form 
Van der Waals attractions with XAD-4, displayed no difference in elution between C18 
and XAD-4, thus demonstrating that water is more effective at disrupting Van der Waals 
attractions than 1t-electron interactions. 
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1.4 Superheated Water Chromatography 
For reversed-phase chromatography, a non-polar stationary phase and a polar, largely 
aqueous, mobile phase are used. Retention of the analyte is dependant on the degree of 
its partition into the stationary phase and its hydrophobic interactions with the mobile 
phase [118]. Properties of the analyte, such as its polarity and molecular size play an 
important role in reversed-phase separation, hence large non-polar analytes are highly 
retained. 
Most reversed-phase sorbents are silica based alkyl bonded phases, but polystyrene 
divinylbenzene (PSDVB), graphitised carbon and sorbents based on inorganic substrates 
other than silica also have their place [119]. Water is the weakest mobile phase for 
reversed-phase separations and gives the greatest retention times, thus mobile phases are 
typically made with a mixture of water and organic solvents such as methanol. 
acetonitrile, or tetrahydrofuran. 
As superheated water has been demonstrated to extract a wide range of polar and non 
polar analytes from various substrates and sorbents, it is reasonable to assume that 
reversed-phase chromatography could be performed using superheated water as a mobile 
phase, as its dielectric constant can be easily manipulated so as to mimic those of 
organic-aqueous mixtures. Smith and Burgess [120 - 122] studied the separation of a 
range of polar and relatively non-polar analytes on a range of reversed-phase sorbents 
(including C18 bonded silica, PS-DVB, porous graphitic carbon (pGC) and 
polybutadiene (PBD) coated zirconia columns), using superheated water as the mobile 
phase. They found that an increase in temperature resulted in an increase in efficiency 
and a decrease in retention 
As predicted, PS-DVB required an increase of approximately 50°C in the temperature of 
the superheated water, for the elution of non-polar analytes compared to the temperature 
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required for C18 bonded silica. They demonstrated that superheated water at a 
temperature of 180°C gave a separation ofphenols, whose separation was equivalent to 
that achieved when using acetonitrile-water 20:80 mixture. Even when higher 
temperatures were used (210°C) for the elution of more hydrophobic analytes (propyl 
and butyl hydroxy benzoate esters) there was no evidence of analyte degradation or 
sorbent dissolution when using a column packed with PS-DVB. This was in contrast to 
C18 bonded silica, which after prolonged exposure to superheated water, suffered 
hydrophobic collapse and sorbent dissolution [122]. However, Burgess [122] also found 
that when nitrobenzene was eluted from PS-DVB using superheated water at 225°C, at 
flow rates of 0.3 and 1.0 mVmin, the lower flow rate resulted in an 80"10 reduction in 
response, due to analyte degradation. 
To try to overcome the problems associated with exposing C18 bonded silica stationary 
phases to water, Young [123] synthesized a brush and branch phase for specific use with 
water as the sole eluent. 
Subcritica1 water extractions were performed on sand spiked with a mixture containing 
benzaldehyde, benzene, toluene and ethyl benzene, followed by the immediate 
separation by LC, using water as the sole eluent. The branched phase produced 12 000 
plates for the unretained analyte, whereas the brush phase produced 16 000 plates. But 
the branch phase produced over 2.5 times as many plates as the brush phase when the 
retention factor was one. 
Pawlowski and Poole [124] studied the influence of temperature (75 -180°C) on the 
solvation properties of pressurised water on PLRP-S 100. They added 1 % acetonitrile 
to the eluent to improve peak shapes for all solutes at low temperatures. It had little 
effect on the solvation properties of water, but did reduce interfacial tension and 
promoted favourable mass transfer with the stationary phase. The general findings from 
this work were that even at 180°C, water still remained as relatively weak eluent when 
compared to acetonitrile and methanol. At this temperature superheated water 
demonstrates the same elution strength as 15 - 25% acetonitrile I water, 50 - 60 % 
methanol- water or 25 - 35% propanol water mixtures. Therefore, if gradient elution was 
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compared to temperature gradient elution of water, superheated water still remained the 
weaker eluent. It was also observed that changes in selectivity with temperature were 
different to those of various organic! aqueous mixtures, using PLRP-S 100. This was 
thought to be attributed to the changes in dipole - dipole interactions for hot water 
compared to the changes in hydrogen bonding interactions for organic solvents. It was 
also concluded that superheated water, due to its modest elution strength is most useful 
for the separation of polar anaiytes. 
The retention factors of alkyl substituted benzenes, phenol, aniline and their derivatives 
were determined using subcritica1 water, methano1lwater and acetonitrile/water mixtures 
as eluents on silica bonded C18, alumina and PS-DVB packed columns were studied by 
Yang et al [125]. The retention factors and times for all anaiytes were found to decrease 
with increasing temperature. It was reported that to obtain a similar retention on PS-
DVB as C18, a temperature of approximately 50°C higher was required. It was also 
found that the retention factors for phenol and anilines at 150°C, are similar to those 
separations using 43% methanol in water or 40"10 acetonitrile in water and when 
separations are performed at 200°C, the retention factors of chlorinated phenols and 
anilines are similar to those obtained by 68-69% organic solvent in water. 
More interestingly, in comparison to the work undertaken by Pawlowski [124], who 
employed a 1% acetonitrile solution, Yang reported that water at 180°C had an elution 
strength corresponding to 15-25% acetonitrile in water or SO - 60"10 methanol in water, 
discrepancies seem to arise, when comparing PS-DVB phases. 
These could have arisen due to either the differences in the manufacturing process of the 
sorbent (as the sorbents used were from two different suppliers), the configuration of the 
columns (pawlowski used 100 x 4.6mm i.d.,whereas Yang used ISO x 2.1mm i.d.) 
leading to enhanced temperature gradients for the wider bore columns or insufficient 
column equilibration. 
A high temperature liquid chromatography system, capable of using flow rates of 15 
mVmin was developed by Yan and co-workers [126]. Making use of the reduced 
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viscosity at higher temperatures, columns of dimensions 50 x 4.6 mm i.d. were packed. 
The separation ofiong chain a1kylphenones on 2.5J.UD polystyrene coated zirconia was 
reported at a flow rate of 15 mlImin, acetonitrile -water mobile phase at 150°C. Also 
phenol and four alkyl substituted phenols were separated using water at 120°C at a flow 
rate of 12 mlImin in less than 30 seconds. 
Chienthavom [127] reported the use of superheated water buffered at pH 3, 7 and 11 to 
separate a range of sulfonamides, using a PS-DVB column and comparing the 
separations to those obtained using C18 bonded silica. A temperature gradient from 70-
190°C was used to facilitate the separation of the analytes of interest. From the study, it 
was found that for temperatures above 100°C, a change in the degree of ionisation of the 
ana1ytes and the dissociation constant of the buffered superheated water was observed 
which was lower than that observed at room temperature. 
Smith et al.[128, 129] replaced water with deuterium oxide for the separation of 
salicylamide and barbiturates on a PS-DVB packed column. For the mixture of 
barbiturates a temperature gradient from 180 - 200°C was employed to speed up elution. 
Detection of all ana1ytes was confirmed by stop flow mode using proton NMR and the 
use of a gradient caused no spectral problems. 
1.5 Coupling of Le to FID, using water as an eluent 
Water is potentially an attractive eluent for flame ionisation detection as it should 
generate a minimal response. In previous work, steam has been successfully used as a 
carrier gas for packed column GC (GSC) [130], and mixtures of hydrocarbons, alcohols, 
organic acids and arnines were detected by a hydrogen flame ionisation detector. A 
range ofpackiug materials were employed (activated alumina, Chromosorb P, sintered 
magnesia, diatomaceous firebrick) for the separations. This configuration overcame the 
problems observed when analysing aqueous samples, since water in the sample 
interferes with the stationary p base, causing peak tailing. 
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Nonaka [130], Rudenlco et al [131] demonstrated the use of the vapours of water, formic 
acid and methanol as a mobile phase with flame ionisation and electron capture 
detection. Steam was shown to separate very polar compounds, such as free fatty acids 
and amines, and to yield symmetrical peaks. The use of steam as a mobile phase was 
found to decrease analysis times and lower the column temperature required for the 
elution of polar compounds. Formic acid is also an attractive eluent for flame ionisation 
detection. since it also produces a low response. Formic acid vapours were used as a 
mobile phase for the separation of arnines and alcohols, with a reported reduction in 
analysis time. Also, more interestingly, methanol vapours were used as the mobile phase 
for the separation ofhaloalkanes using an electron capture detector. 
Berezkina et aI. [132] reported that the problems associated with steam chromatography 
were the possibility of chemical reactions of water vapour with the analytes and 
stationary phases. The advantages were reported to be improvements in the symmetry of 
polar analytes and the ability to analyse water samples without peak broadening. 
Polar stationary liquid phases (group 1 salt - water) were investigated with steam 
chromatography. 
It was found that the elution orderofa mixture ofalcohols (Cl- CS) was governed by 
their polarites rather than their molecular masses. Alterations in the elution order were 
observed using different salts and the nature of the salt was found to influence the 
column retention factors. Column temperature was found to be an important factor on 
resolution. This can be explained as increasing the temperature decreases the water 
content in the water-salt in the liquid-stationary phase, which leads to a change in 
selectivity. Another important factor for elution was the pressure. Increases in pressure 
resulted in an increase in retention and selectivity due to an increase in the amount of 
water present in the stationary phase. It was also found that the efficiency of a column 
packed with sodium nitrite-water phase was similar to that of a column packed with 
polydimethylsiloxane (SE-30). 
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Viktorova and co-workers [133] studied the retention of alcohols in steam 
chromatography using calcium chloride - water as a stationary phase. The stationary 
phase was found to be stable upto 150°C and have high selectivity for the separation of 
high boiling point alcohols and diols. 
1.6 Coupling ofLC to FID using superheated water as an eluent 
The first reported attempt to link superheated water LC to FID was by Miller and 
Hawthome [134]. The system comprised of a PS-DVB packed column linked to a 10 cm 
length of glass lined stainless steel tubing. The HPLC column was placed inside a GC 
oven and the injector was placed outside the oven. The outlet of the HPLC column was 
connected to a stainless steel supercritical fluid extraction restrictor, which provided 
sufficient pressure in the column for the water to remain as a liquid at temperatures 
above lOO°C. The end of the restrictor was placed up into heated block of the FID, 3 cm 
from the tip of the jet. To achieve good peak shapes, a flow rate of200 IJlI min of water 
was to be used. For this flow rate, a stable flame was obtained using a hydrogen flow 
rate of300 mll min, 430 mll min for air and a FID detector block temperature of 
400°C. Using this system, they demonstrated a detection limit of5 ng for tert-butyl 
alcohol and the separation of seven aliphatic alcohols, both isothermally and using a 
temperature gradient programmed from 120 - 150°C. They also demonstrated the 
separation of a range ofhydroxy-phenols and the detection of amino acids. Therefore 
demonstrating LC-FID as a potential universal detection system. 
Using a similar system set up, Burgess [122] also linked superheated water Le to FID 
for the separation and detection of a range of parabens, aromatic amides, phenols and D-
glucose using both isothermal and temperature gradient elution. Unfortunately, it was 
reported that the system was not robust and suffered from flame instability, sputtering 
which led to spiking in the background signal, and frequent capillary blockages. 
A slightly different approach was adopted by Bruckner [135], whereby the detection of 
volatiles and non-volatiles was made possible by dual detection linking UV and FID. 
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The detection ofvo1atiles by FID, post UV detection, was made possible by the 
development of a drop headspac:e interface. The emuent from the conventional HPLC 
column passes through a capillary, to its tip, to form a droplet. Helium flows around the 
droplet and becomes enriched with the volatile analytes of successive droplets. The 
volatile enriched helium stream is then swept to the FID for detection. This system has 
many advantages, since it allows the detection of coeluting non-volatile and volatile 
species in complex mixtures. It also could be used at flow rates up to 1 ml fmin and due 
to the stationary phase as developed by Young [123], for use specifically with water, 
hydrophobic compounds such as naphthalene could be separated at room temperature. 
Unfortunately, the disadvantages of this system are that the system is not truly universal, 
since it could not detect non-chromophore containing non-volatile compounds. 
Ingelse [136] partially overcame the problems that were found by Burgess [123] by 
thermostatting the capillary restrictor from the HPLC column. The restrictor was placed 
in a second GC oven, linked to the HPLC column by a transfer line. Unfortunately, 
when temperature gradient elution was employed, sputtering occurred. Different designs 
of restrictors were tried to overcome this problem, but were found to be prone to 
blockage, therefore the linear restrictor was used. To overcome the problems associated 
with sputtering, it was found that a relatively low restrictor temperature (75°C) was 
favourable, since elevated temperatures increased the incidence of the restrictor 
plugging. Using this configuration, isothermal and gradient elution were demonstrated 
for the separation of alcohols and aldehydes, which whilst demonstrating detection of 
these compounds, it did not prove the system to be capable of detecting an extended 
range of compounds outside that of the normal FID capabilities. 
It was reported, using this type of interface, that mobile phase modifiers such as formic 
acid, tritluoroacetic acid and ammonia strongly reduce the FID signal and increase the 
chance of restrictor plugging. It was also noted that strongly acidic mobile phases led to 
the corrosion of the syringe pump used in the analyses. A !!LC-FID was proposed by 
Hooijschuur [137], whereby an inverted FID was linked to a micro LC system by means 
of an eluent-jet interface. This type of interface is based on the thermospray technique, 
Chapter I:Introduction 39 
as used in LCIMS, whereby a jet of fine liquid particles is produced by heating a liquid 
stream as it passes through a capillary [138, 139]. The eluent-jet interface produces a 
stream of droplets by a sharp temperature gradient at the tip of the capillary, caused by 
RF inductive heating. Unlike thermospray, the tip was cooled by helium passing around 
it and a second inlet for helium was used to transport the aerosol into the FID. A 
restriction of 4 - 101J.II1, 0.5 - 1 cm from the tip of the capillary was found to produce 
smaller droplets, which had the affect of eliminating spiking, and produce a stable 
response. Typical flow rates used in this system were 5 - 50~min, but at the higher 
flow rates the RF power had to be increased from between 40-70 W, to maintain a stable 
baseline. It was concluded that the system could be linked to J.iLC where flow rates are 
>10 - 30~min successfully. 
Separations of a mixtures of a1cohols and bis(2-hydroxyethylthio )alkanes, using 1% 
formic acid were demonstrated showing that volatile polar and non-polar compounds 
can be efficiently eluted and detected by the system. Improvements in the sensitivity and 
peak shapes of non-volatile compounds, such as organic acids and amino acids, was 
found by increasing the RF power, which unfortunately led to rapid blockage of the 
restrictor. 
A comparison was made between the eluent jet interface and a nebuliser, as described by 
Ganan-Calvo [140, 141] which produces monodispersed size aerosols. It was reported 
that the eluent jet interface was up to 10 times more efficient at transporting non-volatile 
compounds to the FID. Although the reports of the linkage of the eluent jet interface to 
the FID appear to be very favourable, unfortunately it was reported to be non-robust and 
unstable as the restrictor lasted only up to 4 weeks. Also it could not cope with the 
mobile phase flow rates more traditionally required for LC. 
1.8 Aims of the project 
Previous attempts at the development of a universal detection system for LC have taken 
two separate directions. The original concept was to transport the eluent from the 
chromatographic column, evaporate the volatile mobile phase and transport the residual 
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anaIyte to the flame for detection. The second more rec:ent was to use water as the eluent 
and produce a thermospray from a capillary, which was positioned up into the jet of the 
FID, to spray the column effiuent up into the flame for detection. 
Unfortunately, both directions have yielded limited success. In view of these findings, 
the current project set out to develop a LC-FID for universal detection of volatile, non-
volatile, chromophore and non-chromophore containing compounds. The main objective 
of the project was to produce a system that was both robust and sensitive, which could 
be coupled to a superheated water LC system. The effect of detector temperature, gas 
and mobile phase flow rates were investigated initially, in order to establish flame 
stability. Once established, various designs on interfaces were adopted and 
modifications made to the FID, to provide a stable system. 
To determine whether the system was capable ofuniversaI detection, flow injection 
analysis (FIA) of a range of anaIytes was undertaken followed by investigations into 
suitable column materials. The possibility of the separation of anaIyte mixtures using 
water at ambient was initially investigated, followed by chromatographic separation 
using superheated water. Finally it was proposed that solid phase extraction (SPE) could 
be performed using superheated water, following on from the successful extraction 
studies as performed previously. The aim was to eventually develop an integrated 
extraction - chromatography system using only water as the solvent thus avoiding the 
use of organic solvents. 
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Experimental 
2.1 Chemicals 
2.1.1 General Chemicals 
Throughout this project, the mobile phase used was fresh. triply deionised water at an 
output of 18.2 Mn cm-I obtained from an Elga Maxima HPLC purification unit 
(Elga Ltd. Wycombe. Bucks. UK). Prior to use as a mobile phase the water was 
ultrasonicated for 10 min and then continuously purged with nitrogen, so to 
deoxygenate the mobile phase, thereby helping to prevent corrosion in the system. 
Ammonium diliydrogen phosphate, an1IDonia, ammonium nitrate, potassium 
dihydrogen orthophosphate and formic acid 0.88 specific gravity were ofHPLC 
grade (Fisher Scientific, Loughborough, Leics. UK). Tritluoroacetic acid (TF A) 
HiperSoiv grade was obtained from Merck (poole, UK). 
Nitrogen (oxygen free grade), hydrogen (research grade) and air (zero grade) were 
from BOC (Manchester, UK). 
2.1.2 Standard Chemicals 
D-glucose, D-sucrose, maltose, fructose, fucose, mannose, xylose, arabinose, 
rhamnose, D-ribose, mannitol, sorbitol, maltotetraose (dp4), maltopentaose, (dp5), 
maltohexaose (dp6), pectin, L-vaIine, L-methionine, L-proline, L-arginine, L-
isoleucine, L-phenylalanine, L-tryptophan, caprolactam, chitosan, benzene 
sulphonamide, m-toluamide, benzamide. 4-hydroxybenzamide, benzylamine. N-
methylamine, cyclohexylamine, hexylarnine, methylamine, propylamine. butylamine, 
benzaldehyde, formaldehyde, acetaldehyde, propionaldehyde, cyclohexanone, 
cyclohexanol, m-cresol, , benzyl alcohol, dichlorometbane, citric acid, oxalic acid 
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dihydrate, tartaric acid, lactic acid and allantoin were of a purity of at least 98%, 
obtained from Sigma-Aldrich (poole, Dorset. UK). 
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Silver nitrate (SLR grade), acetophenone (SLR grade) and methanol, ethanol, acetic 
acid, heptane, hexane, cyclohexane, nitrobenzene, isooctane, toluene (HPLC grade) 
were obtained from Fisher Scientific (Loughborough, Leics. UK). 
2.1.2.1 Preparation of standard solutions 
The test solutions were prepared by weighing an appropriate amount of analyte and 
then dissolving in water, giving a typical stock solution concentration oflOOO Ilglml. 
Sequential dilutions were diluted to volume with water. Amino acid standards were 
dissolved and sequentially diluted using a 0.02% vlv solution oftrifluoroacetic acid. 
Pectin stock standards were prepared by weighing an appropriate amount of test 
compound into a volumetric flask, diluting to volume with mobile phase (0.001 M 
NHiH:zP04+O.02 M Nl4NO.J adjusted to pH 7 using 0.2 M NHtOH). The resulting 
stock solution was then stirred for a period of 1 hour to ensure complete dissolution. 
Chitosan stock standards were prepared by weighing an appropriate amount into a 
volumetric flask and diluting to volume using a solution of O.IM formic acid, again 
the resulting stock standard was stirred for a period of 1 hour. A 1 in ten dilution of 
this standard was performed using water as a diluent, giving a total acid 
concentration of 0.01 M formic acid. Further dilutions were undertaken using 0.01 M 
formic acid as a diluent. 
2.2 Le-FID instrumentation and conditions 
2.2.1 General description 
In order to obtain a robust and stable detection system, many configurations and 
alterations were examined. The final arrangements are shown as a schematic diagram 
(Figure 2.1) and can be considered as a hybrid ofLC, GC and rcp. 
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Figure 2.1 Schematic diagram of new LC-FID interface 
14 10 
13 
12 
I. Gas cylinders 8. Analytical column 
2. Solvent reservoir 9. FID 
3. Analytical pump 10. Data management system 
4. Injector port 11. Printer 
5. GC oven 12. Peristaltic pump 
6. Thermometer 13. Microconcentric nebuliser 
7. Preheating coil 14. Spray chamber 
The main components of both systems were a Jasco PU 980 Intelligent pump 
(Hachioji, Tokyo, Japan), to which was attached a manual injection port, Rheodyne 
model 7125 (Cotati, California, USA) fitted with either a 10 or 20 J,llloop. From the 
injector port a length of stainless steel tubing was attached (0.3 mm i.d., 30 cm 
length), to which the HPLC column was connected. 
For superheated water applications, the length of tubing was increased (1 m x 0 .3 
mm i.d.), coiled and placed inside a GC oven (phase Separations, UK) to ensure 
thermal equilibration of the mobile phase prior to entering the analytical column. The 
column was attached to a length of stainless steel tubing (1 meter x 0.6 mm), along 
which lengths of copper foil were crimped to the tubing to aid heat dissipation from 
the system. The columns were connected to the LC-FID interface by a length of 
11 
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narrow bore PEEK tubing (1 meter, 0.13 mm i.d.), to provide a back-pressure 
between 35-52 Kg cm". 
The LC-FID interface was placed in the oven of a Varian GC model 3700 (USA) 
which was held at ambient temperature (30°C). The interface consisted of a MCN 
microconcentric nebuliser M2S (CET AC Technologies, Cheshire, UK), a 1/16 inch 
PTFE T-piece (Omnifit, Cambridge, UK) attached to a small cyclonic spray chamber 
(Loughborough University, Loughborough, UK). The drain of the cyclonic spray 
chamber was attached, via a stainless steel needle to a peristaltic pump (lsmatec, 
Zurich, Switzerland) by 0.4 mm i.d. perista1tic pump tubing. 
The cyclonic spray chamber was also connected via a short length of glass tubing (2 
mm i.d.), to the base on an FID. The temperature of the FID base was maintained 
between 230 - 420°C (figure 2.1). 
The jet of the FID was replaced by alumina tube (2 mm i.d.) Typical gas flow rates 
for the system were hydrogen at 110 mIImin, air at 475 mIImin and a carrierl 
nebuliser gas of nitrogen at 375 mllmin. Typical FID temperatures were between 230 
-420°C. 
The aqueous mobile phase flow rates into the interface were typically between 0.2 -
0.9ml1min. 
2.2.2 HPLC columns used 
Columns of differing sources and dimensions were used in the study. 
Column Stationary Particle Pore Dimensions Manufacturer* 
Trade name Phase size (1J.tD.) size (mm) 
(A) 
CHO-611 Cationic in 300x6.5 Interaction 
Na+form 
Nuc1eosil NH,bonded 10 lOO 2S0x4.6 Hypersil 
silica 
Hypercarb Porous 7 250 2.lx1SO Hypersil 
graphitic 
carbon 
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ZirChrom- Polybutadiene 
PBD coated 
zirconia 
PLHiPlexH Cationic 
PSDVBinW 
form 
PLHiPlex Cationic 
Ca PSDVBin 
Cal + form 
PL-RPS PSDVB 
PLAquagel Mixed mode 
50 
NH2P-50 Polyamine 
bonded 
polymer gel 
Aqua 'M C18 
* Source 
Interaction (Omaha, Nevada, USA) 
Hypersil (Runcom Cheshire, UK) 
ZirChrom (Anoka, USA) 
3 300 
8 
8 
5 100 
8 1000 
5 200 
5 125 
Polymer Laboratories (Church Stretton, Shropshire, UK) 
150 x 2.1 
150x4.6 
250x4.0 
250x4.0 
2.1 x250 
4.6x250 
300 x 7.5 
4.6x250 
250x2.0 
Ashai Chemical Industry Co. (Yakoo Kawasaki-Ku, Kawasaki-shi, Japan) 
Phenomenex (Macclesfield Cheshire, UK) 
4S 
ZirChrom 
Separations 
Polymer 
Laboratories 
Polymer 
Laboratories 
Polymer 
Laboratories 
Polymer 
Laboratories 
Asahipak 
Phenomenex 
2.3 Superheated water extraction instrumentation and conditions 
The extraction system (refer to appendix 1) consisted ofa Waters 590 pump 
(Taunton, Massachusetts, USA), attached to a preheating coil of stainless steel (1 m x 
0.50 mm Ld.) and a SPE trap. Both of which were placed inside a Pye Unicam series 
104 GC oven (Cambridge, UK) controlled isotherma1ly by a Pye Unicarn oven 
programmer. A cooling coil of the same dimensions was connected directly after the 
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trap, outside of the oven. A back-pressure restrictor was attached to the end of the 
cooling coil to provide a back pressure between 83 - 152 bar. 
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The SPE trap was prepared from a refillable guard column (Upchurch Scientific, 
UK) and was packed with 20 mg of sorbent. Prior to trapping, the traps were 
conditioned bypassing 10 m1 of water at a flow rate ofl mlImin. The flow was then 
stopped and the temperature of the oven was raised to 150°C and a back pressure of 
97 bar was applied. Once the temperature of the oven had reached 150°C, the flow 
was re-started for a five minute period, after which, the trap oven was cooled and the 
deionised water was allowed to flow until the whole system reached room 
temperature. 
2.3.1 HPLC system 
Quantification of the extract was carried out using an LC system. This consisted of a 
Waters 590 pump (Taunton, Massachusetts, USA), a Rheodyne 7125 manual injector 
(Cotati, CA, USA) fitted with a 20 III loop, a Jones 7960 block heater (Hengoed, 
UK)at 27°C. 
The analytes were separated on a Spherisorb ODS 2 column (511ffi, 150 x 4.6 mm 
i.d., Phase Separations, Clwyd, UK) and were detected using a Pye Unicam 4025 
variable wavelength UV -Vis detector (Cambridge, UK). All analytes were quantified 
using a five-point external calibration curve. Data acquisition was obtained by a 
Spectra Physics SP4270 integrator (San Jose, USA). 
2.3.2 Extraction Scheme 
The experiment comprised of two stages. The first stage was to load the dilute 
aqueous sample, at ambient, onto the cold SPE trap at a flow rate of 1 mlImin, 
without a back-pressure restrictor. The trap was washed with water to remove any 
residual sample from the solvent lines on to the trap. The flow was then stopped. In 
the second stage, the back-pressure restrictor was fitted and the temperature of the 
oven was raised to the desired elution temperature. The flow was restarted and the 
sample was eluted off the trap and collected after the cooling coil. When steam was 
used as the extraction solvent the back-pressure restrictor was omitted and the 
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condensed liquid was collected and injected on to an HPLC system. The mobile 
phase prior to use was ultrasonicated for a 10 minute period and then continuously 
purged with nitrogen, to deoxygenate the mobile phase, thereby preventing corrosion 
to the system. 
2.3.3 Sorbents used 
Two polymeric sorbents were chosen for the experiments. these were: 
Trade Stationary phase material Particle 
name size (Ilm) 
PLRP-S P8-DVB 5 
Oasis Poly(divinylbenzene-CO-N- 30 
HLBTM vinylpyrrolidone 
* Source 
Polymer Laboratories (Church Stretton, Shropshire, UK) 
Waters Ltd (faunton, Massachusetts, USA) 
Pore size 
(A) 
100 
30 
Manufacturer* 
Polymer 
Laboratories 
WatersLtd 
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3. 1 Introduction 
The flame ionisation detector has been in use for nearly 40 years and is employed more 
than any other detector in GC but has rarely been used previously with LC. It is 
generally viewed as a universal detector for carbon containing compounds, having a 
linear response over a wide range, high sensitivity, and the optimised response does not 
vary significantly with detector temperature and gas flow rates [142 -144]. 
Due to the lack of a universal detector for LC, the linkage to FID is an attractive 
proposition. This combination would open up the opportunity to analyse compounds 
containing no or weak chromophores, such as many amino acids, sugars and amines, 
without the need for derivatisation. The aim of the present investigation, once a stable 
flame system has been produced, was to develop a method of analysis for the separation 
of non-volatile, non-chromophore containing analytes. 
Previous LC-FID linkages have relied on the complete removal of organic modifiers 
prior to detection (see Chapter 1). Failure to remove the organic modifiers prior to 
detection resulted in the swamping of the FID signal, thus making detection of the 
analyte of interest ~possible. Other problems caused by the necessity of the removal of 
organic modifiers were losses of volatile analytes. 
Superheated water has been demonstrated as a suitable replacement for methanol-water 
and acetonitrile eluents for LC, and can be used as an extraction solvent for many polar 
and non-polar analytes. M water produces a minimal FID response, its use as a mobile 
phase for LC-FID is attractive, as it eliminates the need for the removal of organic 
modifiers from the mobile phase, therefore overcoming the problems associated with the 
conventional use of the FID with LC. 
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To understand the requirements for the establishment of the system, we must first look at 
the operation of the FlD. It is based on a hydrogen diffusion flame. Hydrogen gas is fed 
through a flame jet [145, 146] and is surrounded by an air stream at a much higher flow 
rate to ensure complete combustion. To improve the transport of the analytes to the 
detector, a make up or carrier gas is added to the centralised hydrogen flow, mainly to 
introduce the analyte. 
When organic compounds are introduced into the flame through the carrier gas, their 
combustion produces ions, which are collected at a polarised electrode (collector) 
positioned around the top of the flame. The ions are collected at the base of the collector, 
where the electric field is at its greatest, this produces an increase in current across the 
flame, to produce a response that is proportional to the amount of carbon in the flame. 
3.1.1 Proposed FID Response Mechanism 
The response from a FlD, is generally accepted as being generated by a number of 
pyrolytic reactions commencing at the tip of the jet [143,144]. The analyte eluting from 
the column undergoes a series of degradation reactions in the hydrogen rich flame 
atmosphere, to give a single carbon species [143,144]. 
CH;+H~CHl+H2 
CH;+ H~ CHo+ H2 
CIf'+H~C+H2 
When moved into the oxygen containing zone of the flame, a cherni-ionisation reaction 
occurs, producing CHO+, 
CH + 0 ~ CHO+ + eO 
CHO+ is unstable and reacts rapidly with water to generate positively charged 
hydroxonium ions, which were initially thought to generate the current. 
Chapter 3: Development of initial thermospray LC-FID interface 
More recently, with the aid of mass spectrometry, it has been found that the current is 
carried by hydrated hydroxonium ions [142): 
3.2 Initial attempt at Le-FID using water as the sole eluent 
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The main problems facing the linkage of an LC to an FID system using aqueous mobile 
phases are firstly, the stability of the flame and secondly, a robust interface to transport 
the analyte from the column to the flame. The instability of the flame is reported to be 
mainly due to the cooling of the flame by the water vapour. Previous workers have 
shown that the problem can be overcome by increasing the hydrogen and air gas flow 
rates as reported by Miller and Hawthorne[134) and Burgess [122), as well as increasing 
the temperature of the detector body. 
The initial interface that was studied was based on a concept similar to the thermospray 
interface as used for LC-MS, which is capable of handling aqueous mobile phases and 
non-volatile and thermolabile molecules [138,139) in which ajet offine particles is 
produced by heating a flowing solution. The rapid heating vaporises part of the solution, 
which then acts as a nebulising gas for the rest of the eluent. 
The original instrumentation designs for direct LC-FID were described by Hawthorne. A 
fused silica capillary (typically 30 Ilm i.d. 3751lfD o.d) acted as the transport medium to 
carry all of the column eluent up into the FID where it was heated to 200-300 cC. 
As those initial studies were concerned with using superheated water as the LC eluent, 
the capillary had a dual function, as it acted not only as a transport medium for the 
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analyte, but also provided the necessary back-pressure to the system to prevent water 
boiling within the LC system. 
Nut 
Fused silica capillary 
Ferrule 
PEEK sleeve 
Figure 3.1 Schematic diagram of capillary interface 
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The present study started with a capillary interface (Figure 3.1) similar to the 
configuration as used by Burgess [122]. The effluent from the column was linked to the 
detector by a length of capillary tubing (30 !lm i.d., 17.5 cm) and a method had to be 
determined to hold the capillary in place. To provide a leak free connection to the Fill, 
the capillary was feed through a length of PEEK (2 cm long, i.d. greater than 375!lm), 
which formed a sleeve over the capillary, and was held in place by a 1/16 inch nut and 
ferrule . Using a zero-volume connector, the nut was tightened sufficiently for the ferrule 
to crimp onto the PEEK tubing and was then placed into a GC oven at 150 °C for a 
period of 10 minutes. 
At this temperature, the PEEK tubing softened, and after 10 mins heating period, the 
interface was taken out of the oven and the nut was further tightened, using the zero-
volume connector, until no movement was observed when the capillary was pulled. The 
ferrule was therefore gripping the capillary firmly in place through the PEEK tubing. 
The interface was then left to cool for 10 minutes, and the zero-volume connector was 
removed. 
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The capillary was threaded through a 2 cm length of stainless steel tubing, which was 
connected to the base of the glass connector via a nut, through the glass connector to the 
tip of the FID jet. Its position was marked against the bottom of the stainless steel tubing 
with a marker pen, then pulled down 3 cm, to achieve the optimum positioning of the 
capillary within the FID, for use with superheated water as reported by Miller and 
Hawthome [134]. 
The interface could now be directly linked to the HPLC column (Figure 3.2), which was 
held within the GC oven. Alternatively, when used without a column, the capillary was 
connected to a zero-volume connector, which was itself attached to a preheating coil 
within the GC oven, and the system could be used as a flow injection analysis (FIA) 
system. 
Sample 
in 
Water 
1 
FID 
GC Oven 
heating toil t 
HPLCColumn 
-
-
-
FIDJet 
-
Capillary 
Restrietor 
Figure 3.2 Schematic diagram of initial instrumentation, based on GLC and 
adapted for use with superheated water 
3.2.1 Establishment of flame stability 
The operating variables of the system, gas flow rates, flow rate of the mobile phase and 
temperature of the FID detector, were then optimised to obtain a stable flame. The gas 
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flow rates initially were based on those described by Miller and Hawthome [134], 
whereby the air flow rate was kept at a constant 240 mIImin and the hydrogen flow rate 
increased from 20 ml/min when using a water flow rate of20 ~min to a hydrogen flow 
rate 0000 ml/min for a water flow rate of200 IlVmin. 
To aid aerosol formation and analyte transport into the flame, the GC oven, containing 
the transport capillary, was heated to a temperature of 150 °C, to heat the mobile phase. 
The system was tested with different hydrogen flow rates and eluent flows by injecting 
10 x 10 III injections of 10% v/v ethanol. The mean of the peak areas of each experiment 
were calculated (Figure 3.3). 
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Figure 3.3 Effect on signal intensity for the LC-FID system of systematically 
altering the flow rate of hydrogen gas and aqueous mobile phase flow rate from the 
mean peak area of 10 x 10 III injections of ethanol. 
For each different hydrogen gas flow rates, the inlet water flow rate, which provided the 
optimum response, was selected, and using these conditions the temperature of the 
detector was varied, to try to optimise the conditions. The results of the experiments 
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revealed that for water flow rates above 0.1 mlImin, the optimum sensitivity was 
obtained using hydrogen flow rates in excess of 80 mlImin. Also, in most cases the 
optimum sensitivity and a stable flame was achieved with detector temperature of 
400°C. 
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However, a number of problems were encountered with this system, especially frequent 
blockages of the capillary, spiking on the signal and non-reproducible responses 
obtained from each capillary. Upon inspection of the blocked capillaries, there was a 
black carbon-like deposit towards the tip of the capillary, which could be due to the 
burning of the analyte within the capillary. It was also noted that the external polyimide 
coating of the capillary was frequently stripped or burnt off. This could be due to the 
temperature of the capillary tip (400 0c) being much higher than the rest of the capillary. 
This temperature exceeds the normal GLC open tubular column limits and was due to 
the tip being placed in the heating block of the FID. 
Gidding et al. [147] observed a spiking signal (or "sputtering") during their work linking 
FID to supercritical fluid chromatography, and postulated that it was due to cold spots 
throughout the FID as a whole. To overcome these problems they suggested running the 
detector at a temperature higher than that of the GC, to overcome some of the thermal 
gradient problems within the system. As the LC-FID detector was already being 
operated at a temperature significantly above the GC, this was not the obvious solution. 
However, it was suspected that a cold spot could be present elsewhere within the system. 
Because glass is poor conductor of heat, the glass rod connecting the capillary to the 
FID, through which the capillary passed up into the FID, was therefore replaced by a 
number of different designs of stainless steel connectors, which also controlled the point 
at which hydrogen was introduced into the sample stream. refer to figure 3.4. 
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Figure 3.4 Schematic diagrams of the various stainless steel connectors for the FID 
The sensitivities obtained with the glass connector and versions Mark 1 and 2 of the 
stainless steel connectors were compared. The Mark 2 version, which contained 2 x 1 
mm holes coinciding with the hydrogen inlet, increased the sensitivity of the system by 
up to 10% over a range of water flow rates. An added advantage of this connector was 
that liquid flow rates of up to 0.2 mIImin were now possible and there was a reduction in 
the frequency of blockage. However, the Mark 1 connector did not offer any advantages, 
in terms of sensitivity, over the existing glass connector. 
The Mark 2 connector allowed an increase in hydrogen flow rates compared to the 
Mark 1 and glass connectors, due to the extra 1 mm hole in its trunk. The increase in the 
flow of hydrogen around the capillary, was thought to be cooling the capillary (as the 
hydrogen inlet line was not heated), therefore reducing the combustion of ethanol within 
the capillary. 
A further Mark 3 connector was therefore examined. This was similar to the Mark 2 
with the exception that the two holes which were drilled through the stainless steel rod 
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near the hydrogen inlet position bad a larger intemal diameter of 1.5 mm i.d .. This 
configuration allowed a even greater flow of hydrogen through the connector, compared 
to the two previous designs. Unfortunately, Mark 3 displayed no advantage over Mark 2. 
Mark 3 was expected to increase the response, due to the increase in hydrogen passing 
through the holes and along the capillary giving a curtain flow around the tip of the 
capillary. 
To investigate the effect of restricting the flow of hydrogen around the capillary, the 
Mark 4 configuration was constructed. This bad a smaller 1 x 1 mm intemal diameter 
hole and a slot across the top of the rod (at 90° to the hole), so that the hydrogen was fed 
both through the hole and around the tip of the connector. This configuration offered a 
further 10% advantage over the Mark 2 connector and the Mark 4 connector was 
therefore used for the further studies. 
3.2.2 Positioning of the capillary tip 
During the optimisation of the FID for capillary gas chromatography Hyver [148], noted 
that the position of the end of the column within the detector is important. If the end of 
the capillary column was placed too far below the flame jet , the peak shapes were 
impaired due to the column eluates contacting the hot metal surfaces of the heater block 
of the detector. Whereas if the capillary column was positioned higher and was inside 
the flame, excessive noise and spiking resulted due to the decomposition of the 
polyimide coating of the capillary. 
In the present study, the capillary was positioned approximately 3 cm from the tip of the 
FID jet, approximately as it passes through the heater block, which is set at 400°C. If the 
capillary was mis-aligned and touched the wall of the heater block, it was thought to be 
possible that the polyimide coating would to be heated to a sufficiently high temperature 
for the coating to decompose. It was also thought that the ethanol within the capillary 
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could reach a high enough temperature for it to combust within the capillary, therefore 
increasing the background noise and causing "spiking" in the baseline. 
The positioning of the capillary tip was reinvestigated, at 3 cm, 3.6 cm and 2.7 cm from 
the tip of the jet. The results confinned those ofHawthome and Miller [134], who. 
suggested that for optimum sensitivity, the capillary should be placed 3 cm from the tip . 
of the jet. 
The system was then tested using compounds which were less volatile, to see if they had 
an effect on the stability of the system. 
A 2% w/v solution of glycerol and a 1 % w/vofD-glucose were injected separately in a 
flow injection mode, as a model of volatile and non-volatile analytes.(refer to Figures 
3.5 and 3.6): 
l 
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Figures 3.5 FIA trace of 10 111 injection of a 2% solution of glycerol. Conditions 100' 
. mllmin hydrogen, 240 mllmin air, GC oven temperature of 150°C, detector 
temperature of 400°C and water flow rate of 0.18 mllmin. Each division represents 
1 minute 
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Figure 3.6 FIA trace ofl0)11 injection ofa 1 % solution orD-~ucose. Conditions 
100 mVmin hydrogen, 240 ml/min air, GC oven temperature of 150°C, detector 
temperature of 400°C and water flow rate of 0.18 ml/min. Each division represents 
1 minute. 
M the % RSD of the peak areas for each individual analytes was less than one, it was· 
concluded that the reproducibility of the system was good. However, partial blockage of 
the capillary was still evident, as indicated by the changes in the back-pressure of the 
HPLC pump. It was concluded that it would be possible to detect both non-volatile and 
volatile analytes using thisLC-FID configuration. 
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3.2.3 The effect of changing the internal diameter of the capillary 
As the system bad been set up using 30 j.UIl fused capillaries, in order to try to optimise 
the sensitivity of the system, alternative capillaries of internal diameters 20 and SO j.UIl 
were tested. Whilst the 20 j.UIl capillary did increase the sensitivity, it suffered from 
frequent blockages. Although the SO j.UIl capillary did not suffer as frequently from 
blockages, the sensitivity was decreased. Therefore further experiments were carried out 
using the 30 j.UIl capillaries. 
For all subsequent experiments, the interface used comprised of a 30 j.UIl capillary 17.5 
cm in length was positioned 3 cm down from the tip of the FID jet. The connectors used 
were stainless steel and of version Mark 4. 
3.3 Initial attempts using FIA and Chromatography 
Since the detection of glucose and glycerol by FID using superheated water in the FIA 
mode was possible, the natural progression was to introduce a suitable HPLC column 
between the injector and FID and examine the effects on a separated peaks. 
A suitable column for the separation of glucose was identified as the CHO-61I corn 
syrup column. The sorbent is a polymeric based resin containing cation exchanger 
groups in the Na + form. It is specifically designed for the separation of mono and 
polysaccharides using water as the mobile phase at elevated temperatures (typically 
operated at 80-90°C and 0.5 mlImin flow rate). The separation is achieved in the order of 
increasing affmity but decreasing with molecular weight. Resolution is increased with 
increasing temperature [149]. Injection of 1% w/v D-glucose resulted in a peak at 25 
minutes. 
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The initial conditions selected for the linkage ofLC to Fill were an eluent flow rate of 
0.18 mlImin, detector temperature 400°C, column temperature 90°C, hydrogen and air 
flow rates 100 and 240 mlImin 
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Figure 3.7· Chromatogram demonstrating a 10111 injection of 1 %w/v D-Glucose on 
CH0-611 corn syrup column, water flow rate 0.18 mIlmin, detector temperature 
400°C, column 90°C. 
Unfortunately, a stable flame was not achievable under these conditions. There were 
sudden drops of the baseline off scale and the signal could only be brought back on 
scale by re-ignition of the flame. This was probably due to the cooling of the flame by 
the amount of water entering it at 0.18 mlImin 
"In the initial studies, this problem had been overcome by increasing the temperature of 
the detector, but even when the detector temperature was raised to 430°C, flame stability 
was not achievable and a decrease in peak height and area was evident. " 
The water flow rate was reduced to ~.08 mlImin, to try to increase flame stability, the 
column temperature was increased to 100·C and detector temperature set at 420°C. To 
ensure that the water entering the analytical column was the same temperature as that of 
the oven, a 1 metre length of fused silica lined stainless steel tubing was placed inside 
the GC oven between the injector and the column inlet. The aim of the preheating coil 
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was to prevent band broadening due to thermal gradients within the column. An increase 
in background noise was noted alongside the decrease in the water flow rate using this 
configuration 
To try to determine if the problem was associated with the stationary phase, separations 
on a Nucleosil NH2 column were examined and the experiment was repeated using the 
same conditions as previously. 
This resulted in the immediate blockage of the capillary. Under inspection it was found 
to be blocked with a white powder, which was presumably silica which had been 
dissolved from the inlet tubing or the column. 
A similar problem was also noted by Burgess [122] who observed that the increase in 
the ionic product (Kw) of water at elevated temperatures, caused an increase in both 
acidic and basic nature of the water. Superheated water therefore rapidly dissolved silica 
based materials due to the increase in the concentration of hydroxyl ions and the higher 
temperatures employed. 
The mechanism of the dissolution of silica, as proposed by ner [150]. 
This dissolution occurs along the column, when using superheated water as an eluent. 
The rapid blockage of the capi11ary occurred because as the eluent containing the 
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dissolved silica passes up the capillary, the water flash-evaporates leaving the silica 
deposited near the tip. The deposition of silica would rapidly build up along the 
capillary, until total blockage occurred. Silica can be deposited in the jet of the FID. 
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The frequent blockage of the capillary was thought to be caused through the flash 
evaporation of water within the capillary. To try to reduce hot spots due to the capillary 
touching the side of the detector heating block, which might promote deposition, the 
capillary was passed through a 6cm length of stainless steel tubing, to try to centralise 
the capillary, as indicated by figure 3.S. 
---·St,m,:less steel connector 
----r".oDd silica 
capillary 
---S:tainle:ss steel 
insert 
Figure 3.8 Schematic diagram of centralised capillary for LC-FID 
This configuration resulted in an increase in capillary lifetime and had the add benefit 
that higher mobile phase flow rates could be used (up to 0.16 ml/min) compared to 
previous maximum flow rates ofO.OS rnJ/min. Therefore, it can be concluded that 
centralising the capillary helps to prevent the capillary from resting on the side of the 
heater block, thus reducing flash evaporation of water and silica deposition inside the 
capillary. 
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Burgess [122] also observed that as PS-DVB sorbents are polymeric and not silica 
based, they are not expected to dissolve under the conditions required for superheated 
water. Sorbent checks were carried out using a PL-RPS-l column and again the 
incidence of capillary blockage was reduced, although there was an increase in the 
amount of background noise. 
It was found to be possible to detect oxalic acid, glycerol and D-glucose using the PL-
RPS-l column and a water flow rate of 0.16 mVmin, but unfortunately, all three 
compounds were effectively unretained, having retention times of 1 min therefore 
making separation impossible. 
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To try to increase the retention of these analytes, the PL-RPS column was replaced by a 
Asahipak Gel NH:zP~SO, column, which is an amino bonded vinyl alcohol polymer. 
Although the both glucose and sucrose could be easily detected, again both had the same 
retention time and could not be separated. Also the background noise increased. 
·:.0S f-i ----....,...--r------
Minutes 
Figure 3.9 Chromatogram of a 1111 injection of 1 % D-glucose using Asahipak Gel 
NHl column, hydrogen 100 mllmin, air 240 mllmin, GC oven temperature 90°C, 
mobile phase 100% water at a flow rate of 0.16 ml/min. 
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Figure 3.10 Chromatogram of a IIlI injection of a 1% solution of 
sucrose. Conditions as Figure 3.9 
Using the interface configuration as figure 3.8 a high frequency of capillary blockage 
occurred, and when the capillary was inspected under a microscope, blockages were 
occurring at regular intervals along the capillary. At approximately 2-3cm from the tip, a 
white powder was evident, similar to that 'seen when using the Nucleosil NHl column. 
However, in this case the column was polymeric and could not be the source of a silica 
deposition. Therefore, as the only source of silica within the system was that of the silica 
lined preheating coi~ the preheating coil was removed. Upon reinj ection ofD-glucose, 
without the'preheatingcoil, a much lower background noise was observed. The fused 
silica lined preheating coil was therefore replaced by an unlined stainless steel 
preheating coil. Repeated injections ofD-glucose were earned out, but blockages were 
still occurring. However, instead of appearing periodically along the capillary, the 
blockages occurred reproducibly 2.5 cm down from the tip of the capillary. 
As the blockages were occurring in the same place, the possibility of a hot spot causing 
excessive heating of one part of the capillary could not be ruled out. As the capillary was 
positioned level with the top of the stainless steel rod, the capillary was now pulled 
down 3 cm from the top of the stainless steel rod, to try to avoid the hot spot. It was also 
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noted that the outside of the capillary appeared to be burnt above the top of the 
centralising capillary stainless steel insert. Therefore the length of the insert was 
increased from 6.5 cm to 7.2 cm, to try to prevent this from happening. 
6S 
The result ofincreasing the distance of the capillary tip from the jet was that the lifetime 
of the capillary, before blockage, increased threefold, but sensitivity was reduced. 
Increased flame instability was evident when using flow rates of 0.14 mlImin. To try to 
overcome the limited sensitivity problem, the stainless steel connector was changed 
from Mark 2 to Mark 4, which allowed higher flow rates of gases and water. This 
permitted aqueous eluent flow rates of up to 0.2 mlImin into the flame, which was more 
typical of the mobile phase flow rates used when coupled to narrow-bore columns. 
From the results already obtained, the maximum flame stability and sensitivity, for D-
glucose, was achieved using a detector temperature of 400 °C, GC oven temperature 200 
°C, 0.18 mlImin water flow rate and hydrogen and air flow rates of 100 mlImin and 240 
mllmin respectively. 
3.4 Linkage of initial LC interface to FID 
Alternative columns were then examined. A Hypercarb PGC 2.1 x 150 mm column was 
linked into the system to try to separate D-glucose, ribose and sucrose. The reason for 
the choice in column material was due to the sorbent being non-silica based and its high 
temperature stability, as already indicated by Burgess [122]. Again, as with PLRPS-l, 
all three analytes eluted at the same time, therefore making separation impossible. This 
result was to be expected, since the findings from Koimmi [151] for the separation of 
monosaccharides, using PGC column with water as the mobile phase, resulted in similar 
retention times. 
To try to obtain a separation on the analytical column, ammonium hydroxide was added 
to increase the pH water to 10, to try to obtain retention of the monosaccharides, as 
indicated byLu et el. [152]. The reason for the change in pH is due to saccharides 
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having pKa values ca. 12 or more. Therefore a high pH is required to dissociate the the 
solutes in the mobile phase. It was therefore hoped that retention of the saccharides 
would be achieved, unfortunately, within 20 minutes the capillary had blocked. As 
porous graphitised carbon is stable from pH 1 to 14 [119], it was assumed that the 
blockage could not be due to the sorbent. However, when the pH of the mobile phase is 
above 8, it has a tendency to dissolve base silica. As the only part of the system 
containing silica was the back pressure capillary, this was exchanged for a 0.012 inch 
Ld. stainless steel tube of the same length. The resuh of which was that although 
blockage did not occur whilst using the pH 10 buffer, the background noise did increase. 
The poor peak shapes and the increase in the background noise was attnbuted to the 
"Christmas Tree effect" [153] which has been observed in GC. During isothermal 
conditions, the heating element of the GC oven switches on and off in quick bursts to 
ensure that the temperature within the oven is maintained. Due to the low thermal mass 
of fused silica, the capillary will respond instantly to the change in temperature. As the 
bursts are not uniform, where portions of the capillary are shielded and others are not, 
the front of the chromatographic band is exposed to bursts of radiant heat while the rear 
of the band is shielded, causing the acceleration of the front of the peak and deceleration 
at the rear, thus causing malformed peaks. 
Once the whole of the interface was lagged with aluminium foil, peak shapes and 
background noise improved, therefore confirming that the poor peak shapes and 
background noise was attributed to the Christmas Tree effect, which is in effect the non 
uniform heating of the interface. 
Although the stainless steel capillary could be used with buffers, the sensitivity was poor 
and the capillary was still prone to blockages. This was thought to be due to sample 
decomposition and pyrolysis because of the high temperature of the capillary. 
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3.5 Introduction of a make-up gas to the initial LC-FID interface 
As the sensitivity of the system was comparatively low, it was thought that perhaps the 
current configuration did not supply enough energy to the eluentlanalyte droplets to 
facilitate complete transport to the flame. Therefore, to try to increase the amount of 
analyte reaching the flame, nitrogen was introduced to the system as a make-up gas as 
figure 3.11. 
I ----Sl:aiJtless steel connector ----4" ... 0.1 silica capillary 
___ StaiJtless steel 
insert 
=-+- Nitrogen inlet 
Figure 3.11 LC-FID system using nitrogen as a make-up gas 
Initial conditions used were gas flow rates of hydrogen 100 m1/min, air 240 mVmin, 
nitrogen 120 ml/min, detector temperature 400°C, GC oven temperature 150°C, 
analytical column Hypercarb PGC and water flow rate of 0.11 ml/min. 
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Under these conditions, an injection of 1 III D-Glucose (7 mg/ml) gave a peak at 2 
minutes, with the peak off-scale. Upon reinjection the retention time ofD-glucose 
changed to 3 minutes, this time the peak was on scale (Figure 3.12). 
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Figure 3.12 Chromatograms of 1111 injections ofD-Glucose taken in succession, 
detector temperature 420°C, water flow rate 0.16 mllmin, Hypercarb PGC and GC 
oven temperature 90°C. 
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To check as to whether the peak was D-glucose or carry over, a 1 ~l injection of water 
was made (Figure 3.13) 
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Figure 3.13 1 ~I injection of water detector temperature 420°C, water flow rate 
0.16 mVmin, Hypercarb PGC 2.1 x 150 and GC oven temperature 90°C. 
As it can be seen from the chromatogram, the baseline noise has increased significantly, 
with regular noise and "spiking" along the baseline was now a problem. The regular 
baseline noise was found to be due to the presence of an air bubble in the pump head. 
Once removed, the baseline noise was significantly reduced. 
As the sorbent used is carbon based, to determine as to whether the spiking was due to 
carbon bleed or the configuration of the system, injections were made both with and 
without the analytical column. 
Upon injection of 1 ~I injection of 1 % D-Glucose in flow injection mode, no peak was 
found to elute. Upon investigation it was found that the nitrogen flow rate had doubled 
to 225 mJ/min. Therefore an increase in baseline noise was attributed to an increase in 
nitrogen flow rate which could dilute the hydrogen and cause flame instability, by 
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altering the air:fuel ratio. When the nitrogen flow rate was reset, a repeat injection ofD-
Glucose was made, again no response was observed for D-glucose. To determine as to 
whether the lack of response was due to the analytical column or the system, the column 
was removed and the system linked as for FIA. As the system was very responsive to 
methanol, 1111 was injected in to the system, the result of which was a much lower than 
expected response (Figure 3. 14) 
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Figure 3.14 FIA trace of a 1111 injection methanol (conditions as Fig 3.12) 
From this information, it appeared that the analyte was still not being completely 
transported to the flame. To try te overcome this problem, the flow rate of nitrogen was 
gradually increased, but unfortunately, no increase in sensitivity was evident with an 
increase in carrier gas flow rate. 
A further injection ofD-glucose was made, in flow injection mode, without any make-
up gas, this time a peak for D-glucose was apparent and a reduction in background noise 
and spiking was noted. As steam is a more aggressive solvent than superheated water 
and to ensure that the analytes were being eluted by superheated water and not steam, a 
different configuration of interface was tried (Figure 3.15). 
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Figure 3.15 Schematic diagram ofLC-FID interlace using water at ambient 
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Using this configuration injections of non-volatile D-glucose and volatile benzaldehyde 
were undertaken (refer to figures 3.16 & 3.17), to assess the response of the detector. 
- 1.9i 1-1 --------,---------r--------r---
Figure 3.16 1111 injection of D-glucose, hydrogen 100 mVmin, air 240 mVrnin, 
nitrogen 50 mVmin, water flow rate 0.1 mVmin, detector temperature 420°C and 
GC oven temperature 190°C 
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Figure 3.17 1111 injection of 0.1 % w/v benzaldehyde, hydrogen 100 mVmin. air 
240 mVmin, nitrogen 50 mVmin, water flow rate 0.1 mVmin, detector temperature 
420°C and GC oven temperature 190°C. 
A threefold increase in sensitivity, in terms of peak area ofD-glucose, was achieved 
using this configuration, also a dramatic reduction in baseline noise, spiking had all but 
been eliminated as was the frequent blocking of the capillary. However, whilst this 
configuration lowered the frequency of capillary blockage and a reduction in the 
baseline noise, it did not wholly overcome these problems. Therefore to totally 
overcome these problems, an alternative to the thennospray interface needed to be 
developed, to provide a robust LC-FID. 
3.6 Summary 
The linkage between superheated water Le and FID using the interface as initially 
described Miller and Hawthorne has proven to be problematic, due to frequent capil lary 
blockages. The interface has been found to be irreproducible and non-robust. The use of 
mobile phase modifiers, such as ammonium hydroxide have proven to be incompatible 
with the system. This had also been observed by Ingelse et al [136], who reported that 
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subcritica1 water with FID detection offered an alternative and more sensitive universal 
detector compared to the refractive index detector. They examined the use of non-FlD 
responding additives, such as formic acid, tritluoroacetic acid and ammonia, and found 
that the stability of the FID signal was strongly reduced by concentrations ofless than 10 
mM. They also observed a dramatic increase in the incidence of plugging of the 
restrictor, especially where buffered solutions, such as ammonia and formic acid were 
used. 
The problems, such as spiking, capillary blockage and increase in background noise 
have been attributed to the heating of the fused silica capillary and stripping of the 
polyimide coating. When the ana1yte was introduced into the capillary at ambient 
temperatures higher sensitivity and lower background noise was achievable, with a 
dramatic lowering of the frequency of blockage. 
However, whilst this configuration lowered the frequency of capillary blockage and a 
reduction in the baseline noise, it did not wholly overcome these problems. Therefore to 
totally overcome these problems, an alternative to the thermospray interface needed to 
be developed, to provide a robust LC-FID. 
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Chapter 4 
Development and testing of new Le-FID system 
4.1 Introduction to mic:roconcentrie nebuliser interface 
In order to overcome the problems found when using the thermospray type interface 
linkage between LC and FID, in particular the frequent transport capillary blockage, 
non-reproducible signals and poor flame stability, it became apparent that an alternative 
approach to sample introduction to the flame was necessary. This new technique was 
then optimised by adjusting in turn the construction and operational variables. 
Pneumatic nebulisers are routinely used in inductively coupled plasma atomic emission 
spectrometry (ICP-AES) to introduce the sample solution to the plasma.[154]. The 
sample introduction system typically consists of a pneumatic nebuliser (such as a 
microconcentric nebuliser), spray chamber and an injector tube. 
Nebulisation is based on the break: up of a liquid stream by two processes. The first 
being the formation of a droplet from the jet of the nebuliser and secondly, the 
interaction with a high velocity gas jet [18]. The pressure drop observed due to the 
acceleration of the gas jet is sufficient to make it self feeding, and it is this feature of the 
nebuliser, along with its ease of use and simple construction, that has established its use 
in flame spectroscopy [155]. 
The nebuliser interface is also potentially attractive as an interface between the LC and 
FID, since it has demonstrated the ability to overcome problems such as irreproducihle 
sample introduction, when using an aqueous media as a mobile phase. As there are 
several similarities that could be drawn from the problems associated with the linkage 
between the ICP to AES, a similar interface configuration could be constructed and 
linked between the LC and FID system. The system consists of a microconcentric 
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nebuliser which slots into a cyclonic spray chamber. The spray chamber is attached to 
the stainless steel connector, which a\1ows the passage of the aerosol to the flame. 
4.2 Microconcentric nebuliser 
The microconcentric nebuliser used in this study has been demonstrated to be a highly 
efficient pneumatic nebuliser [156] designed for use with samples containing high levels 
of dissolved inorganic materials, without blocking, and high concentrations of acids 
[157].The body of the nebuliser is built of a completely inert material, therefore is ideal 
for use with acids, and can operate at low flow rates from 10 IJlImin up to 1 mlImin 
[158]. This makes the nebuliser attractive for the flow rates required for LC. The 
nebuliser (Figure 4.1) consists ofa nebuliser capillary (125-150 J.LID i.d.) made of either 
Tef10n or polyimide and a sapphire orifice. It has been designed to be used with a carrier 
gas flow rate of 1.5 Vmin and a back-pressure of80 psi [159]. 
At liquid flow rates of30 - 50 ~min the nebuliser self aspirates and reported to 
produce[159] an aerosol with a mean droplet size ofless than 5 J.LID (typically 3 - 4 J.LID) 
with a transport efficiency of 90"10 at 0.1 mlImin and 55% at 1.0 mlImin[159]. At higher 
flow rates, the transport efficiency is lowered due to the cooling of the plasma caused by 
the increase in aerosol load to the plasma. Droplets whose mean droplet size was greater 
than 5 J.LID were not transported from the nebuliser, instead they are thrown to the sides 
of the spray chamber and are eliminated as waste. 
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Figure 4.1 schematic diagram of MCN-IOO nebuliser body 
4.3 Cyclonic spray chamber 
The cyclonic spray chamber, as used in ICP-AES or ICP-MS is used in conjunction with 
the pneumatic nebuliser to remove some of the larger droplets that are produced [155]. 
This has the effect of reducing the concentration of the aerosol and modifying the 
particle size distribution. 
4.3.1 Mechanisms involved in the modification of droplet size distribution within 
the cyclonic spray chamber 
As the aerosol droplets enter the spray chamber, those which are transported by the 
carrier gas near to the chamber wall meet a thin boundary layer of viscous stagnant gas, 
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of which there are three mechanisms by which the droplet can cross and deposit on the 
surface of the chamber [160]. 
The first mechanism occurs if the droplets radius is larger than the thickness of the 
boundary layer, so that contact occurs without further transport being necessary. The 
second mechanism occurs by the Brownian motion ofpartic1es whose internal diameters 
are <11J.I1l, therefore diffusing through the boundary layer to the wall. The final 
mechanism occurs when the internal diameter of the droplet is greater than 11lJIl. Under 
these conditions, the droplet moves towards the boundary layer with sufficient inertia for 
it to undergo free flight through the layer to deposit onto the wall of the chamber. These 
mechanisms acting together allow a select cut of the mean particle size distribution of 
the droplets to enter into the flame. 
A cyclonic chamber (Figure 4.2), as described by Taylor [161] was used in the 
experiment. The chamber was made of glass with a flattened wheel shaped with a drain 
at its base and an orifice for the horizontal insertion of the MCN. The spray from the 
aerosol was directed horizontally where it experienced centrifugal force, which removed 
the larger droplets from the aerosol. On one side of the chamber a dimple was pressed 
into the centre of the chamber, which generated turbulence and caused the larger 
droplets to collide with the dimple and outer wall of the chamber, by disrupting the 
circulating flow of the aerosol 
A further dimple was placed underneath the orifice for the MCN, which acted as a flow 
spoiler. This feature was designed to prevent the recircu1ation of the aeroso~ which 
would lead to band broadening by increasing the effective dead volume of the spray 
chamber. 
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Figure 4.2 Schematic diagram ofthe cyclonic spray chamber 
4.4 Linkage of Le to the FID through a nebuliser 
As part of the redesign of the system, the FID construction was examined to handle 
higher gas and water flow rates. The jet and the collector of a FID form a pair of 
electrodes above and below the flame, of which the collector is generally selected as the 
anode and the jet as the cathode. The jet is supplied with a polarising voltage (typically 
50-170V) and the resulting current across the flame is amplified and measured [162]. 
For this reason the jet is normally constructed of stainless, platinum, platinum-iridium, 
quartz [163] or any suitable inert, heat resistant material. However, the sensitivity of the 
FID with a quartz jet is lower in comparison to the sensitivity achievable when fitted 
with a stainless steel jet, due to the poor electrical and heat conduction, low heat 
capacity and hence low ionisation efficiency [163]. The interna1 diameter of the jet is 
also important, since it can affect the sensitivity of the FID. For example, a flame jet of 
interna1 diameter 0.025 cm is reported to give double the sensitivity to a tip of internal 
diameter 0.05 cm [163]. 
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4.4.1 Changes made to the FID prior to linkage to LC 
In the present study, a major change made to the FID, was to replace the existing 
standard jet with a 33 mm length of2 mm Ld. alum.ina tubing, to allow the free flow of 
the gas through the system. The reason for this was to prevent the gas flow from 
convoluting and causing a turbulent flame [164). Although this jet was not expected to 
achieve the sensitivity as a stainless steel jet, it is reasonable to expect that its 
replacement by a stainless steel jet will increase the sensitivity of the system. Other 
increases in sensitivity could be achieved by the optimisation of the internal diameter of 
the jet. But due to time constraints of the project and lack of suitable resources, it was 
not possible to study alternatives materials or to vary the internal diameter. 
To remove the solution that built up in the spray chamber, a stainless steel hypodermic 
needle was glued at the base of the chamber to form a drain. Because the aqueous 
solution was held by surface tension a peristaltic pump was attached to the drain. 
The flow rate of the peristaltic pump was found to be crucial, since if it was too slow, 
the result was the eventual flooding of the spray chamber, or the appearance of spikes in 
the baseline of the chromatogram due to a "pressure drop" within the chamber as a 
droplet was slowly removed by the peristaltic pump. 
The vertical side arm of the spray chamber was attached to the base of the Mark IV 
connector which was in turn connected to the F1D through a standard glass ball and 
socket fitting, so that the connection was readily demountable. 
4.4.2 Optimisation ofLC-FID linkage using Flow Injection Analysis (FIA) 
The system was first tested in a direct inlet FIA mode by connecting an injector to the 
nebuliser using a 30 cm length of 0.13 mm PEEK tubing. 
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The system then was optimised, by using different carrier/nebulising gases and flow 
rates, altering the distance travelled by the aerosol up the glass side arm of the spray 
chamber to the FID and altering the respective hydrogen, air, nitrogen and water flow 
rates. As there was no requirement to evaporate the mobile phase from the analyte prior 
to analysis, the interface was housed in a GC oven at 30°C to stabilise the temperature 
conditions of the interface. 
The system was initially optimised using flow injection analysis (FIA) to quickly be able 
to assess the optimum sensitivity obtained from the system and its response 
reproducibility 
4.4.3 Use of air as a nebuliser gas 
The initial conditions for the system were a hydrogen flow rate 130 ml/min, air 210 
mVmin, detector temperature 150°C, a water flow rate of 0.1 ml/min and GC oven 
temperature ofJO°C. with the sample being introduced directly into the nebuliser 
through an FIA type connection. The air was introduced into the system as the carrier 
gas for the nebuliser, therefore inverting (premixing) the traditional hydrogen/air flame. 
With the new interface, an immediate improvement with the signal to noise ratio was 
observed, compared to the thermospray type interface but although detection ofD-
glucose was achievable, even when gas flow rates and water flow rates were adjusted to 
try to optimise the sensitivity, it was still very low (refer to Figure 4.3). 
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Figure 4.3 FIA trace offour 10~1 injections of 0.75% w/v D-glucose 
4.4.4 Nitrogen as a nebuliser gas 
Because of the effect of using air as a nebuLising gas seemed to result in a poor 
response, nitrogen replaced air and the air was re-connected to its conventional inlet of 
the FID, externally to the hydrogen flame. The result was an increase in the response of 
the detector to D-glucose(refer to Figure 4.4) 
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Figure 4.4 FIA trace offour IOIlI injection of a 1 % solution of D-glucose 
4.4.5 Effect of preheating the mobile phase prior to injection 
In an attempt to try to sharpen the shape of the glucose peaks, a 1 m length of 0.02 inch 
stainless steel tubing was connected between the analytical (FIA) pump and injector. 
The tubing was then placed in a GC oven and heated to 60°C, to preheat the mobile 
phase prior to injection. However, the result was a 45% reduction in response. Therefore 
the preheating coil was removed. 
4.4.6 Effect of distance travelled by the aerosol droplets to the FID 
It was found that the response of the detector appeared to be affected by the distance the 
aerosol droplets had to travel to the detector from the spray chamber. Every time a small 
change was made to the connection distance, the gas flow rates, detector temperatures 
and water flow rates had to be re-optimised to achieve the best response from the 
detector. 
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Initial experiments were carried out using a glass socket joint of length 38mm to connect 
the spray chamber to the Mark IV stainless steel connector. Preliminary conditions for 
the detector were hydrogen, air and nitrogen flow rates of 120, 300 and 520 mVmin, GC 
oven temperature 28°C, FID detector temperature 230°C and flow rates of 0.7 and 0.9 
were investigated. 
A series of 10, 5, 2 and 1 III injections of a 10 ug/mJ solution ofD-glucose were made to 
assess the linearity of the detector 
The results were compared to those of a glass socket joint 20 mm in length (figure 4.5). 
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Figure 4.5 Effect of the length of the ball and socket joint on response of varying 
injection volumes of 10 ug/ml D-glucose. Conditions for the detector were 
hydrogen, air and nitrogen flow rates of 120, 300 and 520 mVmin, GC oven 
temperature 28°C, FID detector temperature 230°C 
As it can be seen from Figure 4.5 the response from the detector in flow injection mode, 
is linear r>0.995 and a significant increase in response (up to 80 %) was achieved by 
using shorter the 20 mm long socket connector. 
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Unfortunately, the connection between the spray chamber and the mark 4 stainless steel 
connector was found to be leaking nitrogen. To remedy this the whole socket joint was 
encased in a polypropylene tube and each end was tied tightly with copper wire. The 
joins were then tested for leakage before use on a daily basis, using a solution of 
"Snoop". To compensate for the loss of nitrogen from the joint, all gas flow rates were 
adjusted, especially the nitrogen gas flow rate, and optimised. The ball and socket joint 
was eventually removed and replaced with a length of glass tubing, of the same internal 
diameter as the stainless steel connector, to keep the distance of the spray chamber and 
stainless steel connector constant. Again, the whole joint was encased in a 
polypropylene tube that was tied at both ends, using copper wire. Each join was tested 
for nitrogen leakage, using "Snoop", prior to analysis. 
As the previous nitrogen gas flow rates did not take into account the leakage from the 
ball and socket joint, the gas flow rates and the temperature of the detector were re-
optimised to obtained the best response from the system. 
4.4.7 Optimisation of the nitrogen flow rate 
A series of injections of varying concentrations ofD-glucose were performed using 
different nitrogen flow rates with a hydrogen flow rate of 120 mVmin, air 300 mlImin 
and detector temperature of 230°C (Figure 4.6). The results show that a nitrogen flow 
rate of 430 mlIroin gave the best response from the system. Under these conditions a 
limit of quantification of 59 ng on-column was achievable in flow injection mode. 
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Figure 4.6 ElTect of the flow of nitrogen on the response of the FID using varying 
concentrations of D-glucose. Hydrogen and air gas flow rates 120 and 300 
respectively, detector temperature 230°C 
It is apparent from Figure 4.6 that the response from the Fill was non-linear. This could 
be attributed to a change in the flame characteristics, from a pure hydrogen/air flame to a 
hydrocarbon like flame [164], due to the increase in concentration of the analyte of 
interest. The change in flame characteristics and flame size cause the production of ions 
to take place higher up in the collector, where the flame is cooler and the electric field is 
weaker therefore the formation and collection of ions is less efficient, thus causing the 
response to be non-linear [164]. 
4.4.8 Re-optimisation of the detector temperature 
It was found that at temperatures below 200°C, the flame of the FID became unstable 
when water flow rates between 0.7 - 0.9 mllmin were used. These water flow rates were 
chosen, as they were close to the flow rates typically required for reversed-phase liquid 
chromatography with conventional 4 - 4.6 mm i.d.columns. 
Chapter 4:Development and testing of new LC-FID system 86 
Using these analytical parameters, optimum detector temperature lay between 230 -
260°C for D-g1ucose. The result of increasing the detector temperature above 260°C was 
a decrease in response. 
4.5 Linkage of LC to FID, using various analytical columns 
The next stage in the development of the LC-FID was to try to perform separations of 
mixtures using analytical columns of various dimensions, with water or aqueous buffer 
solutions as the mobile phase. As with the optimisation of the system when using FIA, 
various parameters such as column, detector and nebuliser temperature, effect of 
preheating the mobile phase and the optimisation of gas flow rates were investigated. 
The initial work used separation at temperature below 100 °C so that no back pressure 
was needed. 
4.5.1 Separation of carbohydrates using PL HiPleI H column 
The initial column used for the separation of glucose, maltose and glycerol was the PL 
HiPlex cation exchange column in the hydrogen form. The sorbent is an 8 % crosslinked 
polystyrene divinyl benzene, which is typically used with water as the mobile phase and 
the column is usually heated to 65°C to achieve good resolution of a range of sugars and 
sugar a1cohols. 
4.5.1.1 Effect of column temperature 
Because the body of the MCN-l 00 was fabricated from polypropylene, the temperature 
of the GC oven used for the detector, had to be kept below to 65°C. Therefore the oven 
could not be heated to the temperatures required to produced superheated water or even 
hot water. 
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To obtain hot water, at temperatures suitable for the usage with cation excbange 
columns, the column was placed inside a separate column heater and a length of 4S cm 
of 0.13 mm i.d. PEEK tubing was used to connect the outlet of the column to the 
nebuliser. 
A 10 1-11 injection of a mixture of 100 ug/mJ solution ofD-glucose, maltose and glycerol 
was injected onto the column, whicb was thermostated at 6SoC. All three analytes were 
detected (Figure 4.7) but tbe baseline was noisy, with negative peaks before the peak of 
interest. 
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Figure 4.7 Chromatogram demonstrating the separation of glucose, maltose and 
glycerol using a water flow rate of 0.6 mVmin, detector temperature 230°C, HiPlex 
H column, GC oven temperature 30°C and hydrogen, air and nitrogen flow rates of 
110,315 and 420 mVmin respectively. 
The noisy baseline and negative peaks were eliminated by reducing the temperature of 
the column oven to 4S °C and reducing the water flow rate to 0.6 mJ/min. The 
identification oftbe peaks was made by injecting solutions oftbe three separate analytes. 
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4.5.1.2 Determination of the effect of cooling of the mobile phase, post separation 
As the response of the anaJytes appeared to be favoured by nebulisation at lower 
temperatures, the column effluent was cooled prior to nebulisation. This was achieved 
by replacing the 45 cm ofO. \3 mm i.d. PEEK tubing by 126 cm ofO. \3 mm i.d. PEEK 
tubing. The tubing was coiled and placed in an "ice trap", which consisted of a 
polypropylene box packed with a mixture of ice, salt and water. 
The result was a 50"10 reduction in the response of maltose and glucose, and a 90 % 
increase in the response of glycerol. 
As the cooling of the column effluent bad a dramatic but varied effect on the response of 
each anaJyte, to try to obtain a general improvement, the column temperature was further 
lowered to 35°C, the effect of which was an increase in response of all three anaJytes 
(Figure 4.8). 
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Figure 4.8 Chromatogram of a 10 III injection of a 100 ug/ml solution ofD-glucose, 
maltose and glycerol. Detector temperature 230°C, column temperature 35°C, 
water flow rate 0.5 mVmin. 
Using the above conditions a range of sugars were injected on to the column and their 
respective retention times were recorded (Table 4.1 ) to enable a suitable mixture for 
further test separations to be selected. 
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Ta bl e 4.1 Retention times o f var io u s s u gars using PL HiPlex H 
column 
Sugar name Retention Time (min) 
Arabinose 3.4 
Fructose 3.2 
Fucose 3.5 
Glucose 3.0 
Glycerol 3.2 
Maltose 2.6 
Mannose 3.1 
Rhamnose 3.2 
Xylose 3.1 
From Table 4.1, the only other separation for which baseline resolution would be 
achievable was that of maltose, glucose and arabinose ( or fucose) . A set of calibration 
standards were prepared and the response of each standard was measured (Figure 4.09). 
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Figure 4.09 Separation of maltose, glucose and arabinose. Conditions as Figure 
4.08 
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4.5.1.3 Effect of temperature of the nebuliser 
The temperature of the GC oven, containing the interface was investigated between the 
temperature range of35 -65°C. The effect of which was that temperatures above 40°C 
resulted in a decrease in detector response, was observed for all three analytes. 
Therefore, subsequent experiments were carried out with the GC oven set to 35°C. 
4.5.1.4 Effect of increasing analyte concentration 
Nitrogen flow rate was re-set to 420 ml/min to obtain optimum response from all three 
analytes. 
A stock standard containing 100 uglrnJ of maltose, glucose and arabinose was prepared 
in water and serial dilutions were made to prepare a concentration range from 0.1 - 40 
uglrnJ of all three analytes. 
To assess the lowest concentration which could be detected (Figure 4.10), 10 III 
injections of each standard was injected, of each concentration. 
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Figure 4.10 Effect of increasing concentration on detector 
response 
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As seen previously, the trend of increasing concentration is not wholly linear over the 
concentration range. Concentrations below 10 ug/rnl cause a bias in the response, but the 
response is linear. Above 10 ug/mJ the response appears to be linear. This could reiterate 
the problems with the FID in terms of the changes in the flame when constant volumes 
at varying concentrations are analysed [164]. 
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Figure 4.12 Chromatogram demonstrating separation of maltose, glucose and 
arabinose using HiPlex H column water flow rate 0.5 mVmin, detector temperature 
230°C, GC oven 35°C, hydrogen, air and nitrogen gas flow rates 110, 315 and 420 
mVmin 
4.5.2 Separation of various carbohydrates using PL HiPlex Ca Column 
To try to increase the scope of analytes which could be separated and detected, the 
HiPlex H column was exchanged for a HiPlex Ca column, which is an 8 % crosslinked 
polystyrene divinyl benzene cation exchange column in the calcium form. This sorbent 
is recommended for the separation of sugar alcohols (alditols), monosaccharides and 
oligosaccbarides [149]. A test mixture was therefore prepared containing, therefore 10 
IJ.I of a 100 ug/mJ each of sucrose, glucose, fiuctose, mannitol and sorbitol 
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This was injected under the conditions as described by Polymer Laboratories Ltd [165] 
which required the analytical column to be heated to a temperature of 75°C. The column 
effiuent was cooled prior to nebulisation, due to the findings from the previous set of 
experiments by using a 1 metre length of 0.13 mm PEEK tubing to connect the column 
to the nebuliser. 
The separation (Figure 4.12) was similar to that reported by Polymer Laboratories [165]. 
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Figure 4.12 Typical chromatogram of a 10 III injection of a 100 uglml mixture of 
sucrose, glucose, fructose, mannitol and sorbitol using PL HiPlex Ca column, water 
now rate 0.45 mllmin, column temperature 75°C, detector temperature 230°C, GC 
oven temperature 35°C, hydrogen, air and nitrogen now rates 110, 320 and 420 
mllmin. 
4.5.2.1 Effect of column temperature 
If the temperature of the column was reduced by 15°C to 60°C, there was a 3-4 fold 
increase in the response of the analytes but the reason is not clear. A further reduction in 
temperature by lOoC to 50°C, and a reduction in the a £Iow rate of 0.3 ml/min to prevent 
a high back pressure on the column because of the higher eluent viscosity. This resulted 
in a further increase in the response of the analytes. However, the baseline resolution 
between sucrose and glucose was reduced due to the poor peak shape of glucose (Figure 
413) 
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Figure 4.13 Chromatogram demonstrating the separation of sucrose, glucose, 
fructose, mannitol, and sorbitol, conditions as Figure 4.12 except PL HiPlex Ca 
column thermostatted to 50°C with a water flow rate of 0.3 mIlmin. 
To try to increase the response of the analytes further, the column temperature was 
decreased further to 40°C and the water flow rate was reduced 0.24 mllmin, to prevent 
any damage to the column through high back pressure within the column. As the glucose 
peak was most affected by a reduction in temperature, a new 100 uglml solution was 
prepared without glucose. The result of the further reduction in temperature was an 
increased response (Figure 4 .14) 
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Figure 4.14 Chromatogram demonstrating the separation of sucrose, fructose, 
sorbitol and mannitol using PL HiPlex Ca column thermostatted at 40°C, water 
flow rate 0.24 mVmin. 
4.5.3 Investigations into the peak shape of D-glucose at different column 
temperatures 
Since it has been identified that an increase in the temperature of the water being 
nebulised, increased the baseline noise, a cooling water condenser (Figure 4.15) as 
described by Burgess [122] was placed between the column oven and the nebuliser. This 
consisted of20 cm of 0.3 mm stainless steel tubing coiled tightly to increase the surface 
area available for contact with the circulating water that was thennostated at 35°C. 
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Figure 4.15 Schematic diagram of cooling water condenser 
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To try to assess the effect of the column temperature on the response and hence the 
linearity of glucose at various temperatures, a series of calibration standards of 
concentration range 50 - 250 uglml were prepared in water. Each standard was injected 
on to a PL HiPlex H column at temperatures in the range of30 - 70°C (Figure 4.16) 
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Figure 4.16 The effect of temperature on the response of D-glucose, using HiPlex H 
column (10 111 injections) using water as an eluent at 0.24 mVmin flow rate. 
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It is evident that an increase in the column temperature, decreases the response from the 
detector . . 
4.5.4 Further investigations into the effect of temperature using PL HiPlex Ca 
column 
Again, as in the previous experiment, on the effect of the column temperature between 
40 and 80°C was investigated using D-glucose as the test analyte on PL HiPlex Ca 
column. This time, low temperatures of 40°C produced a split peak at all concentration 
levels but when the temperature of the column was raised a single peak was produced 
(Figure 4 .17) . 
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Figure 4.17 Effect of column temperature on the response of D-glucose using PL 
HiPlex Ca column The temperature range investigated was using a water flow rate 
of 0.24 mllmin 
These experiments clearly demonstrated that whilst the two cation exchange columns 
required to be run at a high temperature to firstly to lower the eluent viscosity and thus 
reduce the backpressure to prevent column damage and secondly to obtain good 
resolution, this is clearly a compromise to the response of this detection system. 
Further investigations were carried out into the peak shape ofD-glucose using the 
HiP I ex Ca column at 40°C, to try to determine as to whether the peak shape was due to 
the temperature of the cooling coil or the column. The temperatures of both the column 
and the cooling coil were reversed from the initial experiment, the column temperature 
was lowered to 40°C and the temperature of the water condenser was raised to 60°C. 
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The peak obtained was stiJl of poor shape so the split resulted from the column rather 
than the temperature of the eluent entering the nebuliser (Figure 4.18) . 
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Figure 4.18 Typical chromatogram of a 10 III injection of a 250 uglml solution of D-
glucose. Column temperature 40°C and water condenser temperature 60°C. 
To try to determine if the sample had deteriorated on standing, two further 250 uglml D-
glucose standards were prepared at the same time and one was stored in ice prior to 
injection but the peak shapes were unaltered .A final experiment was to inject 10 III ofa 
250 uglml solution ofD-glucose immediately after dissolution in water. 
This resulted in quite a different peak shape, and standing over time the peak shape that 
was obtained changed (Figures 4.19 - 4.21) 
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Figure 4.19 A 10 III injection of D-glucose immediately after complete dissolution 
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Figure 4.20 A 10 III injection of D-glucose after 22 minutes elapsed 
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10 ul injection ofD-glucose, 60 minutes after 
dissolution 
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Figure 4.2110 III injection ofD-glucose after 60 minutes elapsed 
These peak shape changes can be explained by the ability of glucose to undergo 
mutarotation when in solution (Figure 4.22). 
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Figure 4.22 Mutarotation of D-glucose in water 
OH 
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The D-glucose is converted into a mixture of the two anomers in solution. The anomeric 
carbon centres are formed by the reaction between CS and the aldehyde group of the 
open chain structure, forming two hemiacetals whose configuration differs about Cl 
[166]. The two hemiacetals are diastereoisomers and are readily hydrolyzed by water 
and via the open chain configuration, into an equilibrium mixture usually a 36:64 
mixture of the cyclic anomers [167]. 
Therefore it can be concluded that if the HiPlex Ca column was employed at 
temperatures below 40°C, separation of the a-D-glucopyranose and j3-D-Glucopyranose 
would be possible. The first peak is that of the j3-D-G1ucopyranose and the second peak 
is that of the a-D-g1ucopyranose. At higher temperatures, interconversion of the 
anomers on the column is rapid and only one peak is observed 
4.6 Separation of oligosaccbarides 
Oligosaccharides by definition are polysaccharides oflow molecular weight (oligo 
meaning few units) [166]. Like monosaccharides, they can be separated by cation 
exchange columns, typically in the calcium form. 
The oligosaccharides analysed were a mixture ofmaltotetraose (dp4), maltopentaose 
(dpS) and maltohexaose (dp6), whose molecular weights are 666.6, 990.9 and IIS3 .0 
respectively. 
Using the conditions set for D-g1ucose with the PL HiPlex Ca column, the retention 
times for dp4, dp5 and dp6 under these conditions were 4.76,4.55 and 4 .32, therefore 
making baseline resolution impossible. 
The response given by all three analytes, at a concentration of 100 ug/ml, was half that 
of the response ofa 100 ug/ml solution ofD-glucose. To try to increase the response of 
the detector, the flow rate of air was varied, whilst keeping the other flow rates 
unchanged. As the response for all three analytes, at the same concentration was similar, 
all experiments were carried out using dp5 . 
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Effect of air flow rate on response of dp5 
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Figure 4.23 Effect of air flow rate on the response of dp5 
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From Figure 4.23 it is clear to see that the optimum air flow rate for higher molecular 
weight carbohydrates is 370 mVmin across the concentration range. 
The flow rate of hydrogen was changed to 80 mllmin for which the effect was a 4% 
reduction in response at 60 ug/ml and a 20% reduction in response for 100 ug/ml. 
Therefore the flow rate of hydrogen was changed back to 110 ml/min. The nitrogen flow 
rate was also varied, but as previously observed, 420 mllmin proved to provide to 
optimum response from the detector. 
4.6.1 Effect of increasing column oven temperature 
To obtain the optimum baseline resolution from the cation exchange column, the column 
should be thermostatically controlled at 80°C. As previously, when the temperature of 
Chapter 4:Development and testing of new LC-FID system 105 
the column is increased, the response of the detector decreases, and at 80°C the 
reduction in peak area was 80% compared to that at 40°C. The higher temperature gave 
no advantage in terms of baseline resolution, as demonstrated in figure 4.24 300 ug/ml 
mixture of dp4, dp5 and dp6 at 80°C 
10 ul injection of a 300 ug/ml solution of dp5, 
PL HiPlex Ca column thermostatted at 40 
degrees 
Cl) 900 ~ Cl 800 0 ~ 700 -~ 600 
500 
0 2.5 5 7.5 10 
Time (ruin) 
Figure 4.24 Chromatogram demonstrating 10 ~I of a 300 uglml solution of dp5, 
column temperature 40°C. ofPL HiPlex Ca column temperature 40°C, detector 
temperature 230°C, water flow rate 0.24 mVmin, nitrogen 420 mVmin, hydrogen 
110 mVmin and air 240 mVmin. 
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10 ul injection of a 300 ug/ml solution of dp5, 
PL HiPlex Ca column thermostatted at 80 
degrees 
850 .---------------------------, 
8. 750 ~ 800 ~ Jl 700 1--_ ....... _____ ,,1 ---o"l 
650 +-------,---------,------r-------,-----' 
o 1.5 3 4.5 6 
Time (nUn) 
Figure 4.25 Chromatogram demonstrating 10 III of a 300 ug/ml solution of dp5, 
column temperature 80°C conditions as previous 
4.6.2 Effect of preheating the mobile phase 
To try to minimise band broadening caused by any possible temperature gradient along 
the column, the mobile phase was preheated to 40°C, prior to entering the analytical 
column (which was thermostatically controlled at 40°C). A 1 metre length of coiled 
stainless steel tubing (0.020 inch) was attached between the pump and the injector, and 
placed into the GC oven, which was set to 40°C. The result of the experiment can seen 
in Figure 4.26 . 
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Figure 4.26 Effect of preheating mobile phase on peak area of dp5 
As it can be seen from Figure 4.27, the greatest loss is seen at the lower concentration 
levels, whereas at levels of300 uglml and higher, the net loss due to preheating would 
be negligible. 
4.7 Summary 
The new interface between the LC and FID has managed to overcome the problems 
associated with the "thermospray" type interface, such as robustness, spiking and 
reproducibility. 
The linkage of the two techniques has been demonstrated to separate and detect a range 
of non-volatile mono-, di- and oligosaccharides using various polymeric cation exchange 
resins. The possibility of using air as a carrier gas was demonstrated to be not very 
effective, although the response achieved was lower than that using nitrogen as a carrier 
gas. 
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The optimum conditions for the analysis of carbohydrates was gas flow rates of 100-110 
mllmin hydrogen, 320 mIImin air and 420 mIImin nitrogen, detector temperature 230°C, 
water flow rates of up to 0.7 mllmin (dependant on back pressure of the analytical 
column used), column temperatures as near to ambient as the back pressure would allow. 
No advantage was gained by the preheating of the water prior to injection, as losses are 
observed at low levels. 
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Chapter 5 
Results and discussion 
5.1 Determination of the scope of the detector 
Although the direct the linkage ofLC to FID using a thermospray type interface has 
previously been successful for volatile analytes, it proved to be problematic when 
analysing involatile compounds due to frequent blockages of the transfer capillary. The 
new nebuliser interface has overcome these problems and had worked for model analytes 
in FIA and LC modes. The aim of the next stage of this study was to demonstrate the 
capability of the detection system to handle analytes of different molecular weights, 
volatilities, functional groups and heteroatoms and any affect they had upon the response, 
linearity and selectivity of the system. 
The principal competition for the nebuliser-FID interface is the evaporative light 
scattering detector. Although it is classed as a universal detector, it cannot detect small 
volatile compounds, because they are lost during the evaporation of the mobile phase 
Other problem facing the ELSD is that the response is non-linear and to obtain a linear 
response a log-log calculation is required (see Chapter 1). 
Separations of mixtures of analytes were performed ~sing buffer solutions and water at 
ambient temperatures and water up to superheated temperatures. The effect of water 
entering the Fill flame on the response was also determined. 
The detector characteristics and parameters that will be examined include [168 - 173]. 
a. Response 
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The response of a detector is defined as the magnitude of the electrical signal from the 
detector per unit mass of analyte. 
b. Noise 
This is referred to the signal that is obtained from the detector which is unrelated to the 
analyte. For a typical HPLC system, noise could be attributed electronics within the 
system, fluctuations in the pump, dirt in the flow cell, UV lamp being used after 1000 
hours has elapsed etc. Noise effects the detection limits achievable by a detector, 
whereby the lower the noise experienced by a detector, the lower the detection limit 
achievable and vice versa. 
Detector noise is defined as the standard deviation of the detector when no sample is 
present, often referred to as the root-mean-square (Nrms). For the proposed system, noise 
will be mostly attributed to the pumping system and the spray chamber. 
c. Sensitivity 
This is the change in signal with sample size usually measured as the slope of the plot of 
the sample input against the signal output. Hence a highly sensitive detector will have a 
high value for the slope. 
The sensitivity is often expressed as the limit of detection, where it is defined as the 
lowest concentration of analyte that can be detected, but not necessarily quantitated. The 
limit of detection is expressed as a concentration at a specified signal to noise ratio, 
which in this case was 3: 1. 
There are two methods for the calculations for the limit of detection. 
The first is based on the standard deviation (SD) of the response and the slope of the 
calibration curve (S), whereby LOD = 3.3 (SD/S). 
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The second calculation is based on the standard deviation (SO) of the background signal: 
x - xb = 3S0 
Where x represents the signal obtained from the blank sample and Xi> is the standard 
deviation of the blank readings. 
For this study, the first method, as quoted for analytical method development and 
validation [172], the LOO calculated on the basis using 3.3(SO/S), will be used for the 
purpose of the project. 
d. Limit of Quantitation (LOQ) 
The LOQ is defined as the lowest concentration of analyte that can be determined both 
accurately and precisely under the stated operational conditions. A signal to noise ratio of 
10: 1 is typically used and the calculation of the LOQ is as follows 
LOQ = 10 (SO/8) 
e. Linear dynamic range 
The linear dynamic range is the range over which the sensitivity of the detector is 
constant and the entire range over which the response varies with concentration or 
quantity is called the dynamic range of the detector.The upper limit ofthe detector is 
determined when the sensitivity falls to zero. At this point the detector is saturated 
(usually a 10"10 deviation from the linear response curve). The lower limit of the dynamic 
range is the detection limit. 
5.2 Detection of Non-volatile, Macromolecule Analytes 
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5.2.1 Applications using water at temperatures between ambient and 
100°C 
5.2.1.1 D-Glucose and D-sorhitol 
D-glucose is a naturally occurring carbohydrate, as with all other naturally occurring 
monosaccharides, it has the same stereochemical configuration as D-glyceraldehyde at 
the chiral carbon farthest from the carbonyl group [167], naturally occurring sugars have 
the hydroxyl group at the lowest chiral carbon pointing to the right and these are referred 
to as D sugars. Whereas L-g1ucose, whose hydroxyl group at the lowest chiral carbon 
points to the left, does exist, but it is not naturally occurring. 
D-g1ucose was used as a test compound for the initial work on detector development 
(Chapter 4), due to its in-volatility, which caused many problems for the thermospray 
type interface. 
D-sorbitol or D-g1ucito~ is the product formed on the reduction of the terminal aldehyde 
ofD-Glucose to an alcohol group .It is used in many foods as an artificial sweetener and 
a substitute for sugar. D-g1ucose and D-sorbitol were chosen as test analytes since they 
are typically found in fruit juices, such as orange, apple and tomato. Each sugar is 
generally required to be separated to ascertain the varying proportions within a fruit and 
hence the qualities of the fruit juice. 
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Previous methods of detection for carbohydrates have involved derivatisation for both 
GC [174] and HPLC [34]. For example, the determination of sugars by GC requires the 
conversion into volatile derivatives such as methyl-, acetyl-, silyl-, oxime or oximesilyl-
derivatives. The sugar can also be initially converted into their oxirnes by reaction with 
hydroxylamine in pyridine and then converted to their trirnethylsilyl derivatives, by the 
reacting with hexamethyldisilazane [174]. 
In LC, detection is usually the problem and there is a need for the derivatisation of such 
carbohydrates is because they have no UV or fluorescence chromophore within the 
molecule. Therefore to be analysed spectroscopica1ly, it is necessary to introduce a 
suitable absorbing chromophore into the molecule. However, the process usually proves 
to be tedious and introduces variables into the methodology [34]. 
Previous direct methods for the determination of carbohydrates involve evaporative light 
scattering detection [34 - 36] or high performance anion exchange chromatography with 
pulsed amperometric detection [175, 176]. 
The initial analytical conditions used for the determination of both sugars by LC-FID, 
were those as previously determined in chapter 4. 
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Analytical conditions 
Gas flow rates: hydrogen 110 m1/min; air 475 m1/min; nitrogen 380 m1/min 
FID detector temperature 230°C 
Analytical column PL HiPlex H, 81lm, 250 x 4.0 mm i.d. 
Column temperature 50°C 
Mobile phase 100% water 
Mobile phase flow rate 0.4 mlImin 
Injection volume llll 
a. Determination of the limit of detection 
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Under the above conditions, llll injections of I 000 uglml solution ofD-glucose and D-
sorbitol were performed, (figures 5.1 and 5.2) 
Both compounds produced the same mass response values, but similar retention times. 
Glucose was therefore used to calculate the typical the limit of detection. 
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Figure 5.1 Chromatogram of a IIlI injection of 1000 Ilg/ml solution ofD-glucose 
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Figure 5.2 Chromatogram of a I lll injection of 1000 Ilglml solution of D-sorbitol 
To determine the limit of detection for D-glucose, serial dilutions of a 1000 1lg/m1 
solution were prepared and injected, until the peak observed began to disappear into the 
baseline noise. The concentration at which this occurred was 10.4 Ilg/m!, which for a 1 III 
injection, represents lOng injected on column. At this level, five 1 III injections were 
performed and their peak areas recorded (Table 5.1). 
Table 5.1 Calculation of limit of detection on the peak areas of 5 injections of 10 ng 
D-glucose on column. 
Peak. Area 
407 
532 
403 
579 
490 
Mean 482 
SD 77.2 
3.3SD 254.8 
LOD 5.5 ng 
LOQ 16.6 ng 
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Using the information from Table 5.1 a set of calibration standards of concentrations 20, 
35, 50, 75 and 100 ug/ml were prepared and sequentialIy injected on to the system. 
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Figure 5.3 Calibration graph of D-g1ucose 20 - 100 ng on column plotted against 
peak area. Conditions as page 114. 
The response showed a good linearity r = 0.9943, slope = 135.13 and intercept = 31.99 
n = 5. 
The measured sensitivity of the new system compares favourably against reports of 
sugars derivatised with ammonical cupric sulphate analysed by HPLC-UV using post 
column derivatisation, whose sensitivity was quoted as 3 nmol, which is equivalent to 52 
ng [149] on column. The detection limit of the ELSD for glucose is reported to be in the 
region of 80 ng [177], with a non-linear response. Whereas using pulsed amperometric 
detection the sensitivity is reported to be 0.01 nmol, which is equivalent to 0.17 ng on 
column, but the problems facing this type of detection are frequent electrode fouling 
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5.2.2 Applications using mobile phase additives at temperatures between ambient 
and 100°C 
The main point of interest with the LC-FID methodology was to determine if it could be 
used in conjunction with mobile phase additives and pH control. Volatile buffers are 
already employed for LC-MS and ELSD and it was important to determine if they could 
also be used in this case without causing any baseline disturbances. 
5.2.2.1 Amino Acids 
Amino acid units linked together by amide ( or peptide) bonds form proteins, which are 
large biomolecules that occur in every living organism, of which there are many different 
types, each having many different functions [178] . Difficulties arise for the analysis of 
amino acids by liquid chromatography due to their existence as zwitterions in solution. 
The pH of the mobile phase therefore has to be controlled. Also with the exception of 
histidine, tryptophan, phenylalanine and tyrosine, they generally lack a suitable 
chromophore within the molecule. Amino acids contain both an amino and carboxyl 
group within their structure. Of the 20 commonly found in proteins, all are a-amino 
acids, whereby the amino group bonds to the carbon next to (a) the carbonyl group. Of 
the 20 amino acids, 19 are primary amines, the exception being proline, which is 
secondary, where the nitrogen and a-carbon are part of the pyrrolidine ring. 
Due to amino acids having both amino and carboxyl groups, anomalies appear in their 
physical and chemical properties because of their zwitterionic properties, which are not 
consistent with their structure. Amino acids typically have high melting points, and are 
insoluble in non-polar solvent but soluble in water 
Whereby the degree of ionisation is depended on the pH : 
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Acid dissociation 
K. = [H30j[H2NCHRCOOl 
r+H3NCHRCOOl 
Base dissociation 
~ = L&NCHRCOOIDrOIrJ 
r+H3NCHRCOOl 
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The analysis of amino acids can be carried out by HPLC or GC. For analysis by GC, due 
to the non-volatile nature offree amino acids, derivatisation to their volatile acyl esters or 
N-(O,S)-pentafluoropropionyl isopropyl esters coupled with N-acyl derivatisation is a 
common method of analysis for GC [168]. 
The amino acid derivative must be volatile, stable, separable and detectable [179] to 
enable the successful detection by GC. 
For analysis by HPLC, derivatisation is required due to the lack of a suitable UV 
absorbing chromophore. For HPLC, there are two main precolumn derivatisation 
methods for amino acids. The first is by conversion of the amino acid to the stable 3-
phenyl-2-thiohydantoin (Pm) derivative, prior to detection. The other main precolumn 
derivatisation method for HPLC involves reacting the sample with phenylisothiocyanate 
before reaching the analytical column, to form a phenylthiocarbamyl derivative, which 
strongly absorbs in the UV [I 80]. Post column derivatisation for amino acids can be 
achieved by firstly the separation of the amino acids on a cation exchange column using 
various buffers. Detection is accomplished by performing a post column colorimetric 
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reaction using ninhydrin [181] on the separated amino acids. Evaporative light scattering 
detection has also been used for the analysis ofunderivatised amino acids [27, 182] 
where detection limits 0[200 pmol for most amino acids were found [27]. 
A selection of amino acids was chosen for the present study including a1iphatic, aromatic 
and secondary amino acids. 
Table 5.2 Selection of amino acids chosen for the present study 
Name Structure MolWt 
Arginine NH 174.20 
I-I,N-{ H2 H 0 N-C 2 11 
H 'c_CyCOH 
H2 
NH2 
Isoleucine ~H, ~ 132.17 
H,c .. '" .. H",COH 
C H 9 
H2 NH 2 
Methionine 
-s H2 ~ 150.21 
H,C 'c-C'~_COH 
H2 I 
NH2 
Phenylalanine H2 0 165.19 
O'C'H..Jl I er OH 
A NH2 
Proline ~ 115.13 
a COH NH 
Serine H2 ~ 105.09 
HO/C .. ~/COH 
NH2 
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Tryptophan 
_ H, ~ 204.23 
QrC ... H~COH ~ !J I ? 
NI-!, 
N 
H 
Valine CH3 0 I 11 117.15 
H
3
C .... g ... ? .... COH 
NH, 
The separation of this group of amino acids on a PS-DVB column has been reported 
using the evaporative light scattering detector [183]. The initial eluent was 0.1 % 
trifluoroacetic acid for 5 minutes followed by a gradient from 0 - 100% acetonitrile : 
0.1% TFA (40 / 60 v/v) from 5 - 25 minutes. 
These compounds were examined using the LC-FJD detector, however, the system was 
set up for only isothennaJ elution (equivalent to isocratic elution), using a 0.02% aqueous 
solution of trifluoroacetic acid as the eluent. 
As a result it was not possible to elute tryptophan, within a reasonable time period and it 
was dropped from the test mixture. It was also found that phenylalanine co-eluted with 
serine and arginine, it too was removed from the test mixture. The change in relative 
retention of phenylalanine compared to the gradient study could be due to the change in 
mobile phase composition. 
Analytical Conditions 
Gas flow rates: hydrogen 110 mlImin; air 475 mlImin; nitrogen 380 mlImin 
Detector temperature 390°C 
Mobile phase 0.02% TFA 
Mobile phase flow rate 0.5 mlImin 
Analytical column PLRP-S, 51lffi, 250 x 4.6 mm i.d. 
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a. Determination of limit of detection 
To determine the limits of detection for serine, valine, methionine and isoleucine, serial 
dilutions ofa 1000 uglml solution were prepared, using 0.02% TFA as the diluent, and 
injected, until the peaks observed were beginning to disappear into the baseline noise. 
The concentration at which this began to occur was around 10 uglml for each analyte, 
which upon 2 I!l injection, represents 20 ng injected on column. Five 2 I!l injections of 
each amino acid were performed and their peak areas recorded, (fable 5.3). 
Table 5.3 Peak area of multiple injections of approximately 20 ng of each amino 
acid on column 
Peak Areas 
Serine Valine Methionine Isoleucine 
lOSS 263 902 741 
1122 522 660 578 
858 525 575 480 
689 581 824 612 
828 619 696 543 
Mean = 910.4 Mean = 502 Mean = 731.4 Mean = 590.8 
SD = 176.2 SD= 139.6 SD = 130.9 SD = 97.1 
3.3SD = 581.6 3.3SD = 460.7 3.3SD=431.8 3.3SD = 320.5 
LOD = 12.7 ng LOD= 14.7ng LOD = 13.5 ng LOD= 11.7 ng 
LOQ = 38.4 ng LOQ=44 ng LOQ = 40.9 ng LOQ = 35.4 ng 
Using the information from table 5.3, a set of calibration standards of concentrations 25, 
50, 75, 100 and ISO uglml was prepared for each amino acid, which represents 50, 100, 
ISO, 200 and 300 ng on column. 2 ~ samples were sequentially injected on to the system 
and a calibration curve prepared (Figure 5.4). 
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Figure 5.4 Calibration curve Serine, valine, methionine and isoleucine 50 - 300 ng 
on plotted against peak area. Conditions as page 120. 
All regressions for serine, valine, methionine and isoleucine r> 0.99. Again response of 
the new detection system compares favourably against the evaporative light scattering 
detector, in terms of increased sensitivity and linear response. 
A typical separation of serine, arginine, proline, valine, methionine and isoleucine, using 
the conditions as page 120 can be seen as Figure 5.5. 
Q) 
V> 
1 ul injection of a 200 uglml solution of serine, 
arginine, proline, valine, methionine and 
850 T-------~~~1~------------~ 
810 
g 770 
Q. 
~ 730 
690 i----
650 +-----,------.-----,------,-~ 
o 5 10 15 20 
Time (min) 
Fignre 5.5 Typical chromatogram of the separation of serine, arginine, proline, 
valine, methionine and isoleucine 
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5.3 Analysis of non-volatile high molecular weight analytes 
Typically non-volatile macromolecules are separated using size exclusion 
chromatography. 
5.3.1 Pectin 
123 
Pectin is a polysaccharide composed of many monosaccharide units per molecule, which 
are held together by glycoside linkages hence its high molecular weight of 20,000 -
40,000. It occurs naturally and is derived from fiuits and berries. It was chosen as a test 
analyte for the detection system due to its in-volatility and high molecular weight. The 
method developed was based on that described by Polymer Laboratories for use with an 
evaporative light scattering detector [183]. 
Analytical conditions 
Gas flow rates: hydrogen 110 mVmin; air 475 mVmin; nitrogen 380 mVmin 
Detector temperature 390°C 
Mobile phase O.OOIM NHJf~OJO.02M NH4N0:! adjusted to pH 7 with 0.2 M ~OH 
Mobile phase flow rate 0.5 mlImin 
Analytical column PL Aquagel mixed mode, 8 !lII1, 300 x 7.5 mm i.d. 
a. Determination of the limit of detection 
To determine the limit of detection for pectin, serial dilutions of a 1000 ug/ml solution 
were prepared, using mobile phase as the diluent, and injected, until the peak: observed 
was beginning to disappear into the baseline noise. The concentration at which this began 
to occur was around 5 ug/ml for each analyte, which upon 10 !11 injection, represents 10 
ng injected on column. 
Five 10 J.!I injections of the 5 ug/ml solution of pectin were performed and their peak: 
areas recorded (Table 5.4). 
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Ta b I e 5.4 Peak areas of multiple injections of approximately 10 ng of pectin on 
column. Conditions as page123. 
Peak Height Pectin (mm) 
8 
7.2 
6 
8 
8.1 
Mean - 7.5 
SD = 0.89 
3.3SD = 2.95 
LOD = 20.9 ng 
LOQ = 63.4 ng 
Using the information from Table 5.4 a set of calibration standards of concentrations 10, 
20, 30, 75 and 100 ug/mJ was prepared, which represented 100, 200, 300, 750 and 1000 
ng on column and 10 1-11 of each standard was sequentially injected on to the system. 
25 
20 
-..c:: 00 15 .ijJ 
:r: 
-'" 10 os 
., 
~ 
5 
0 
0 200 400 600 800 1000 1200 
Concentration on-column (ng) 
Figure 5 .6 Pectin 100 - 1000 ng on-column plotted against peak 
height 
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Linear regression r = 0.9986, slope = 2.5192, intercept = 0.2043, n = 5. 
A typical chromatogram of a 101-11 injection of pectin using the analytical conditions as 
page 123 can be seen as Figure 5.7. 
10 ul injection of a 100 uglrnl solution of pectin 
1500 
Q) 1300 
'" c 
0 
a. 1100 
'" Q) 
~ 900 
" 700 
0 5 10 15 20 
Time (min) 
Figure 5.7 Typical chromatogram of 10 1-11 injection of pectin using mobile phase 
0.001 M NB4H2PO,J0.02M NlLoN03 pH 7.0, conditions as page 123. 
5.3.2 Chitosan 
Chitosan is a linear polysaccharide consisting of2-amino-2-deoxy-~-D-glucopyranose 
and 2-acetamido-2-deoxy-~-D-glucopyranose units. It is prepared commercially by the 
partial N-deacetylation of chitin (which is insoluble), which forms the exoskeleton of 
many arthropods, to produce a water soluble and positively charged polysaccharide at 
low pH. It was chosen as a test analyte due to its high molecular weight and non-
volatility. 
Chitosan is typically detected using low angle laser light scattering and/or differential 
refractive index detection [31 , 32]. 
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The method developed was based on that described by Polymer laboratories for use with 
an evaporative light scattering detector. 
Analytical conditions 
Gas flow rates: hydrogen 110 mlImin; air 475 mlImin; nitrogen 380 mlImin 
Detector temperature 390°C 
Mobile phase O.OIM Formic acid 
Mobile phase flow rate 0.5 mlImin 
Analytical column PL Aquagel mixed mode, 8 IlIll. 300 x 7.5 mm i.d. 
a. Determination of tbe limit of detection 
To determine the limit of detection for chitosan, se.rial dilutions of a 1000 uglml solution 
were prepared and injected, until the peak observed was beginning to disappear into the 
baseline noise. The concentration at which this began to occur was around SO uglml for 
each analyte, which upon 10 I.d injection, represents 500 ng injected on column. 
Five 1 0 ~l injections of SO uglml solution of chitosan were performed and their peak 
areas recorded (Table 5.5). 
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Table 5.5 Peak heights of multiple injections of approximately 500 ng of chitosan on 
column. 
Peak Height of Chit os an (mm) 
5 
4.5 
5 
5 
5 
Mean = 4.9 
SD = 0.22 
3.3SD = 0.74 
LOD = 81.5 ng 
LOQ = 250 ng 
10 ut injection ofa 100 u!iml solution of chit os an 
260 ~~~~~------~--------~ 
250 
~ 240 
8. 230 
'" P:! 220 
210 ~~~~~~~~_~ 200 + 
o 5 10 15 
Tune (min) 
Figure 5.8 Typical chromatogram of a 10 III injection of a 100 Ilglml solution of 
Chitosan using mobile phase O.OlM formic acid at flow rate 0.5 mIlmin. Conditions 
as page 126. 
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5.4 Testing offunctional group selectivity of the LC-FID detection system 
The detection of the FID is based on its proportional response to the number of -CH2-
groups introduced into the flame, which is equimolar. There is normally little or no 
response from fully oxidised carbons such as carbonyl or carboxyl groups and the 
response from carbons attached to amine or hydroxyl groups is lower than that of 
hydrocarbons. The conventional GLC-FID is also reported to be insensitive to permanent 
gases such as CO, CO2, C~, SCh, NlIJ, N20 , NO, N02, Sif4 and SiCl4 [184]. 
Studies were undertaken to demonstrate the capability of the detection system to handle 
anaIytes of different molecular weights, volatilities, functional groups and heteroatoms 
and any affect they had upon the response and hence selectivity of the detection system. 
Also the response of the system was further tested by analysing both aromatic and 
aliphatic compounds, without derivatisation, to determine whether the system was 
universal or selective in its response. 
For the studies, a variety of aqueous solutions of compounds were initially investigated 
by flow injection analysis. Following detection by flow injection analysis, mixtures of 
some of the compounds were separated by various analytical columns, using superheated 
water as the mobile phase. 
For each set of analytes, the analytical conditions were set at gas flow rates of hydrogen 
110 mIImin, air 475 mllmin; nitrogen 380 mllmin, detector temperature 390°C, mobile 
phase 100% water, unless otherwise stated 
5.4.1 Toluene 
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Toluene can be analysed using either GC-FID or HPLC-UV. The analysis of toluene for 
this study was examined previously on a polystyrene divinylbenzene packed LC-column 
but was too highly retained on the aromatic based phase. Therefore, the less retentive 
Zirconia -PBD column was chosen. To elute toluene from the analytical column, the 
typical organic/aqueous mobile phase mixtures were replaced by superheated water at a 
temperature of 160°C. 
Analytical conditions 
Mobile phase flow rate 0.7 mVmin 
Analytical column Hypersil Zirconia-PBD, 31lm, 300A, 150 x 4.6 mm i.d. 
Analytical column temperature 160°C 
To determine the limit of detection for toluene, serial dilutions of a 57 ug/m1 solution 
were prepared, using water as the diluent, and injected, until the peak observed was 
beginning to disappear into the baseline noise. The concentration at which this began to 
occur was around 5.7 ug/m\ for each anaIyte, which upon 5 III injection, represents 29 ng 
injected on column.Five 10 III injections of5.7 ug/m\ solution of toluene were performed 
and their peak areas recorded (Table 5.6) 
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Table 5.6 Peak area of multiple injections of approximately 29 ng of toluene 00 
column. 
Peak Area toluene 
9413 
8985 
9507 
9951 
9389 
Mean = 9449 
SD = 344.8 
3.3SD = 1137.9 
LOD=3.50g 
LOQ = 11 og 
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Using the information from Table 5.6, a set of calibration standards of concentrations 5, 
10, 20, 50 and 100 uglmJ (Figure 5.10) was prepared, which represented, 50, 100,200, 
500 and 1000 ng on column and 10 III of each standard was sequentially injected on to 
the system. 
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Figure 5.9 Calibration graph of toluene 50 - 1000 ng plotted against peak area 
Linear regression r = 0.9916, slope = -16586.51, intercept = 3492.27, n = 5 
Headspace gas chromatographic analysis of volatile pollutants in water, using flame 
ionisation detection, has reported to be sensitive at 0.3-0.5 ppb level [\85]. From this 
information, it appears that the introduction of water into the flame of the FID reduces 
the temperature and hence lowers the sensitivity of the detection system. This problem 
could possibly be overcome by optimising the operating conditions of the system. 
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Figure 5.10 Typical chromatogram of a lO1l1 injection of a 100 uglml solution of 
toluene mobile phase now rate 0.7 mVmin, conditions as page 129. 
Further studies examined functional groups and assumed a linear response and 
comparable limits of detection and concentrated on differences in response and 
selectivity towards particular groups 
5.4.2 Hydrocarbons 
132 
Hydrocarbons were chosen as test analytes . Although aromatic hydrocarbons can easily 
be detected by UV -Vis, aliphatic hydrocarbons do not contain a chromophore and they 
are not easily detected. Both aromatic and aliphatic hydrocarbons are easily detected by 
the flame ionisation detector in GLC. 
A selection of aromatic, branched aromatic, aliphatic and branched aliphatic 
hydrocarbons as well as nitrobenzene, which has a polarity similar to the test compounds, 
were chosen. The reason for this selection was to ascertain as to whether the response of 
the system was selective or not. 
The test analytes chosen were hexane, heptane, isooctane, nitrobenzene, cyclohexane and 
toluene. The relative response ofhexane, heptane and cyclohexane was determined by 
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injecting the solute using FIA five times and the mean of the peak area was divided by 
the concentration injected on to the system. 
Table 5.7 Relative response factors of hexane, heptane and cyclohexane in FIA. 
Analyte Relative response factor 
Hexane 95470 
Heptane 136305 
Cyclohexane 77850 
Following on from the flow injection analysis determinations, a simple superheated 
water separation was developed for a mixture of hydrocarbons. Each was injected 
separately to establish it retention time prior to injection of a mixture of all six analytes. 
., 
'" a 
0 
c-
'" ~ 
10 ul injection of a mixture of nitrobenzene, 
toluene, cyclohexane, hexane, heptane and 
isooctane 
10200 
8200 
6200 
4200 
2200 \..}\.. / ......... --200 .A \. 
0 10 20 30 40 
Time (min) 
50 
Figure 5.11 Separation of nitrobenzene, toluene, cyclohexane, hexane, heptane and 
isooctane using Zirconia-PBD, 31lm, 150 x 4.6 mm i.d. column thermostatted at 
200°C, mobile phase 100% water at a now rate of 0.7 mllmin. Detector temperature 
390°C 
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5.4.3 Aromatic and aliphatic alcohols 
Aromatic and a1iphatic a1cohols were chosen as test analytes to determine the effect of 
the hydroxyl group on detection. As with hydrocarbons, a1cohols are volatile and so often 
cannot be detected by ELSD, but aromatic a1cohols can be analysed by IN-Vis due to 
the presence of a suitable chromophore, which is lacking in a1iphatic a1cohols. 
The test analytes chosen were benzyl alcohol, cyclohexanol and m-cresol. This range of 
test anaIytes represent an aromatic, aliphatic and a phenolic hydroxyl. The reason for this 
selection of alcohols was to determine as to whether the response from the detection 
system was selective or not. 
The relative responses were calculated from the individual injections of each test 
compound, on-column. 
Table 5.S Response factors of benzyl alcohol, cyclohexanol and m-cresol using PL-
RPS 5 !lm 2.1 1250 mm column, mobile phase 100% water at IS0°C at a flow rate 
of 0.2 mVmin 
Test analyte Response factors 
Benzyl alcohol 15000 
Cyclohexanol 71605 
m-Cresol 26720 
Upon injection of benzyl alcohol, two peaks were obtained, the first at 12 minutes and 
the second at 20 minutes. The smaller of the two peaks (at 20 minutes) was thought to be 
the oxidation product benzaldehyde, which often causes problems with IN detection 
because of its strong chromophore. But on injection ofbenza1dehyde under the same 
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conditions, a single peak at 17.5 minutes was observed. Therefore, the second peak was 
thought to be due to contamination of the benzyl alcohol sample. 
Following on from the injections of each separate analyte, a simple superheated water 
separation was developed for the mixture of alcohols. 
2 u1 injection of a mixture containing benzyl 
alcoho~ cyc1ohexanol and m-cresol 
570 ,----------------, 
'" 470 
"' c8. 370 
:G 
~ 270 
170 +---------.---------~,r_------~ 
o 10 20 30 
Time (min) 
Figure 5.12 Separation of benzyl alcohol, cyclohexanol and m-cresol using Polymer 
laboratories PL-RP-S, 5!1m, 250 x 2.1 mm i.d. column thennostatted at 200°C, 
mobile phase 100% water at a flow rate of 0.2 mVmin. Detector temperature 390°C 
5.4.4 Aromatic and aliphatic amines 
Aliphatic and aromatic amines were chosen as test analytes to determine the effect of a 
molecule containing an amino group on detection. Also, amino groups are of particular 
interest as they are often present in pharmaceuticals. As previous, the relative responses 
were calculated from the individual injections of each test compound on-column. 
To try to obtain good separations, various analytical columns and mobile phases were 
tried at different temperatures and the relative responses of the analytes were calculated 
in Table 5.9. 
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Table 5.9 Response factors of benzylamine, N-metbylaniline, cyclobexylamine, 
bexylamine using PLRP-S 51lm. 2.1 x 250 mm column and superbeated water at 
various temperatures and a mobile pbase flow rate of 0.2 mIlmin. 
Superheated water Temperature 
Compound name 180°C 210°C 
Benzylarnine 281364 
Hexylarnine 25528 
N-Methyl aniline 129771 
The analytical column was changed from PLRP-S 5jlIIl, 2.1 x 250 mm column to Alltech 
Zirconia-PBD, 150 x 4.6 mm i.d. column, due to excessively long run times for the 
aliphatic arnines. The effect of pH was also studied, as ionised amines cannot be 
normally detected by GC-Fill 
Table 5.10 Response factors of benzyl amine, bexylamine, N-metbyl aniline, 
methylamine and cyclobexylamine using Alltecb Zirconia-PBD, 150 x 4.6 mm i.d. 
column and various pH solutions of trifluoroacetic acid as a mobile phase, at 
various temperatures and flow rates. 
Temperature eC) 
140' 120· 140< 160< 180< 180d 
Compound pH 9_5 pH 3.0 pH 3.0 pH 3.0 pH 2.0 
Name 
Benzylarnine 11562 21665 
Hexylamine 4830 5399 2998 
N-Methyl aniline 39500 1122 1671 
Methylamine 10118 
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Cyclohexyl- 18155 24592 245592 28539 2714 
amme 
• mobIle phase 100"10 water at a flow rate of 0.5 mIImm 
b mobile phase water adjusted to pH 9.5 using ammonium hydroxide, flow rate 0.7 
mllmin 
C mobile phase 1.7 x 10-0 M trifluoroacetic acid to produce a mobile phase of pID, flow 
rate 0.7 mlImin 
d mobile phase 1.7 x 10'" M trifluoroacetic acid to produce a mobile phase of pH2, flow 
rate 0.7 mlImin 
From Table 5.10, it is clear to see that the mass response increases with a decrease in 
mobile phase flow rate and an increase in analytical column temperature. This could be 
attributed to the cooling of the flame by the increased amount of water entering into it at 
higher flow rates. 
5.4.5 Aromatic and aliphatic aldehydes and cyc\ohexanone 
Aliphatic and aromatic carbonyl compounds were chosen as test analytes to determine 
the effect of the presence of a carbonyl group on detection. 
The test anaIytes chosen were formaldehyde, acetaldehyde, propionaldehyde, 
benzaldehyde and cyclohexanone. Formaldehyde, in particular, was chosen as a test 
analyte due to its poor response in GLC. 
As previous by the mass responses were calculated from individual IOIll injections of 
each test compound, on-column. 
To try to obtain good separations of the aliphatic aldehydes, the analytical column was 
thermostatted at different temperatures and mass responses are calculated in Table 5.11. 
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Table 5.11 Response factors of various aliphatic and aromatic carbonyl compounds, 
using analytical column Polymer Laboratories PLRP-S 51lm, 2.1 x 250 mm using a 
mobile phase of 100% water at various temperatures. 
Compound 
Formaldehyde 
Acetaldehyde 
Propionaldehyde 
Benzylaldehyde 
Cyclohexanone 
• 2jl1 injection volume 
b I III injection volume 
Column 
120' 160' 
6224 4887 
79461 49292 
148332 
Tempeq 
180' 200' 200· 
5226 6450 11286 
45909 127412 
194525 
370523 
159366 
From the studies for aldehydes, the most interesting result is that a response was obtained 
for formaldehyde, for which the FID is usually insensitive. To detect formaldehyde, 
usually the photoionisation detector with a high-energy lamp is required [186]. 
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Figure 5.13 Chromatogram demonstrating the separation of formaldehyde, 
acetaldehyde and propionaldehyde using analytical column Polymer Laboratories 
PLRP-S 51lm, 2.1 x 250 mm using a mobile phase of 100% water at 120°C 
5.4.6 Organic acids 
Organic acids were chosen as test analytes to determine the effect of the presence of a 
carboxyl group upon detection. Detection of organic acids is difficult by GC due to their 
relative involatility and problems of ionisation, also detection by UV-Vis is troublesome 
as many of the biochemically interesting acids are aliphatic and have only a weak 
response. Alternative methods of detection used in the past have included 
electrochemical detection in ion chromatography and derivatisation to introduce a 
chromophore. 
The test analytes chosen were acetic, tartaric, formic, lactic, citric and oxalic acid . 
The relative response of each analyte was determined by flow injection analysis, by 
injecting 10 III of the solute five times and the mean of the peak area was divided by the 
concentration injected on to the system. 
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Table 5.12 Response facton of organic acids using flow injection analysis 
Compound name Response factor 
Acetic acid 3031 
Tartaric acid 797 
Formic acid 166 
Lactic acid 797 
Citric acid 939 
Oxalic acid 350 
The response for organic acids was found to be much weaker than any of the other 
groups, but this could be expected as the formic acid is undetectable in GC-FID. 
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Although all anaIytes could be detected, separation proved to be difficult, as the baseline 
obtained using a Phenomenex Aquagel 4.6 x 250 mm i.d. column, which was 
recommended for the separation, was extremely noisy. Therefore the analytical column 
was changed to a PL-RP-S 51lm 2 .1 x 250 mm i.d. 
Table 5.13 Retention times of various organic acids using Polymer Laboratories 
PLRP-S 51lm 2.11 250 mm column, mobile phase 100% water at a flow rate 0.2 
mllmin 
Compound name Retention time 
Formic acid 3.21 
Acetic acid 5.6 
Oxalic acid 2.7 
Tartaric acid 2.7 
Citric acid 3.2 
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From the studies on organic acids, it is evident that detection is possible, although the 
responses are somewhat lower than expected, but this could be overcome by the 
optimisation of conditions for the organic acids. 
5.5 Real Applications - detection of problem compounds from otber areas 
5.5.1 AlIantoin 
A1lantoin was chosen as a test ana1yte as it does not contain a chromophore, is non-
volatile and a biological sample that has been difficult to detect by conventional LC 
methods. Methods for its detection include colorimetry methods [187], ion exchange 
followed by post-column derivatisation [188] and capillary electrophoresis coupled with 
low UV wavelength detection [189]. 
The mass response of aIlantoin was determined by flow injection analysis, by injecting 
1 III of a 500 ug/mJ solution five times and the mean of the peak area was divided by the 
concentration injected on to the system. 
The response factor for aIlantoin was found to be 5576 (Table 5.14). 
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Table 5.14 Determination oflimit of detection and quantification, by flow injection 
analysis, of allantoin by five 1~1 injections of a 500 ~g1ml solntion. 
Peak Area 
2770 
2282 
2745 
2750 
2928 
Mean = 2695 
SD - 242.9 
3.3SD = 80l.6 
LOD = 154 ng 
LOQ = 466.9 ng 
Flow injection analysis ofl 0 uI injections of a 500 
U!¥m1 solution of aIIantoin 
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Figure 5.14 Typical trace of 0.5 ng allantoin on column, by flow injection analysis, 
mobile phase 100% water at a flow rate of 0.4 mllmin. 
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5.5.2 Caprolactam 
Structure 
H 0 
I J/ 
o 
&-Caprolactam is an important starting material for the production of polyamides. 
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As caprolactam can be detected at 200 om, it can be analysed by HPLC [190, 191] or 
planar chromatography [192]. 
10 III injection of a 1000 ug/mJ solution of caprolactam was injected on to the system, 
using a Polymer Laboratories PL-RP- analytical column thermostatted at various 
temperatures, using a mobile phase of 100% water. 
Response factors were calculated using the peak areas from the experiments, refer to 
Table 5.15. 
Table 5.15 Response factors for 10111 injection of a 1000 ul1g1ml solution of 
capralactam using a Polymer Laboratories PLRP-S 511m 2.1 I 250 mm i.d. 
analytical column thennostatted at various temperatures, and a mobile phase of 
100% water at a flow rate of 0.2 mIImin. 
Mobile phase temperature (0C) Response factor 
200 2158 
160 1771 
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From Table 5.15, it can be seen that an increase in the temperature of the mobile phase 
results in an increase in the response factor. 
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Figure 5.15 Typical chromatogram of a 10 III injection of a 1000 uglml solution of 
caprolactam using a Polymer Laboratories PLRP-S 51lm 2.1 x 250 mm i.d. 
analytical column thermostatted at 160°C, using a mobile phase of 100% water at a 
flow rate of 0.2 mVmin. 
5.5.3 Ammonia 
Ammonia was chosen as a test analyte as it cannot be analysed directly by FID. In fact it 
has recently been used as a carrier gas for the GC-FID detection of trichlorophenols 
[193]. 
However, in some of the earlier studies when an aqueous solution of ammonia was used 
to alter the pH of the mobile phase there was a positive shift in the baseline, when 
compared to the baseline produced by water. It was thought that it might be possible to 
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detect ammonia using LC-FID.This might be explained due to the different nature of the 
flame used in the detection system. 
The response factor was calculated by injecting I III of a 9.0 M solution of ammonium 
hydroxide, five times in flow injection mode. 
The relative response factor was found to be 348. Although the value is low, it indicates 
that there is a potential which could be exploited 
" 
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Figure 5.16 Typical F1A trace of five 1 III of a 9.0 M solution of ammonium 
hydroxide in flow injection mode 
5.5.4 Dichloromethane 
Dichloromethane was chosen as a test analyte due to its volatility and it does not contain 
a UV chromophore and in most conventional FID, is only weakly responsive. Recently, 
dichloromethane and chloroform have been extracted from blood and urine, using SPME 
and analysed by GC-FID [194]. Using this methodology, linear calibration curves in the 
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range of 0.5 - 81lgfml and detection limits of 0.3 IlgfmJ in blood and 0.21lgfml in urine 
were achieved. 
The response to a 1 III injection of dichloromethane at an attenuation of I 0-.11 was 
completely off scale, once the attenuation was readjusted to 10-10 the response was found 
to be on scale (Figure 5.17). 
1 ut injection of dichloromethane 
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Figure 5.17 Flow injection analysis trace of a 1111 injection of dichloromethane, 
detector temperature 390°C, mobile phase 100% water at a flow rate of 0.2 mUmin. 
5.5.5 Sodium nitrite 
Sodium nitrite is used in HPLC as a void volume marker for C18 based analytical 
columns. 
It was chosen as a test analyte, to see if the system was capable of detecting ionised 
analytes and non-carbon containing compounds, which normally do not give an GC-FID 
response, due to poor volatility. 
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Upon a Sill injection of sodium nitrite, giving a concentration of 52 ug on column, a peak 
was evident at 5.7 minutes, refer to Figure 5.18. 
" "' 0::
o 
c.. 
"' ~ 
1 u1 ir!i ection of I % sodium nitrite using PL-RP S 
2.1 x 250 mm analytical column and mobile phase 
100% water at 180 degrees at a flow rate of 0.2 
mlImin 
4000 
3000 
2000 
1000 
O ~====~---=~==~ 
o 5 Ti (.) 10 une mm 15 
Figure 5.18 Typical chromatogram of a 52 ug injection on-column of sodium nitrite, 
using a Polymer Laboratories PLRP-S 51lm, 2.1 x 250 mm i.d. using 100% water at 
a temperature of 180°C at a flow rate of 0.2 mVmin 
It has now been demonstrated that using the new LC-FID the detection of inorganic, non-
volatile ions is now possible. Previously, detection by GC-FID would have been 
impossible, due to the non-volatility of the analyte. 
5.6 Summary 
It has been demonstrated that the developed system is capable of detecting a wide range 
of compounds, which cannot be traditionally analysed directly by GC-FID or HPLC-UV-
Vis, without the need for derivatisation. 
Most notable is the response for cyclohexane and cyclohexanol, which are very similar, 
therefore the effect of the presence of an hydroxyl group has no effect. Whereas the 
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response of cyclohexylamine demonstrates that, as with traditional FID, the presence of 
an amino group lowers the relative response factor, although the system was not 
optimised for its detection. Also, the relative response factors were calculated on-column, 
from which losses could occur. To further detennine the effect of the amino group on 
response, flow injection analysis under the same conditions as for hydrocarbons and 
alcohols would have to be undertaken. More interestingly, the response of cyclohexanone 
was double that of cyclohexane or cyclohexanol. Although low responses were obtained 
for organic acids, the analytical conditions were not optimised and it expected that much 
improved detection is achievable up on optimisation of the system. 
The detection limits for free amino acids using the new system are better than those 
achieved by light scattering detection [27] and the response from the Le-FID is linear, 
which is a distinct advantage over the ELSD. 
The new system also demonstrates the possibility of the detection of analytes not 
normally detected by GC-FID, such as ionised analytes, formaldehyde and ammonia. 
This further demonstrates the universality of the system, as direct detection of these types 
of analytes would have been impossible without the need for derivatisation. It also 
demonstrates that the new detection system is capable of detecting small, volatile 
analytes, a further advantage over the ELSD. 
It is also apparent that the introduction of water into the flame of the FID does lower the 
sensitivity of the detection system, when comparing the analysis of toluene by headspace 
analysis and the new detection system. Although the analytical conditions used for the 
new detection system were not fully optimised. 
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Chapter 6 
Conclusions and further work 
The development and use of a universal detector for LC has been demonstrated using 
water and aqueous buffers as the mobile phase. As well as water and aqueous 
buffers, superheated water has also been demonstrated as a suitable eluent to be used 
with this system. The detection system has been shown to be capable of detecting a 
wide range of molecular weight volatile organic and inorganic compounds, such as 
ammonia, dichloromethane and formaldehyde, which cannot traditionally be detected 
by the flame ionisation detector. The detection of small volatile compounds has 
proven to be a great advantage against universal detectors such as the evaporative 
light scattering detector, which cannot detect these type of compounds. As well as 
volatile compounds, the detection system has also demonstrated detection of a wide 
range of high molecular weight non volatile compounds, such as polysaccharides, 
amino acids, chitosan, a1lantoin and caprolactam. It has also been 
found that unlike traditional GC-FID, the detection of non volatile compounds does 
not require derivatisation of any form to produce a response. 
The developed system has therefore overcome the problems associated with transport 
detectors and previous superheated water LC-FID linkages. It has proven to be robust 
and unlike other commercial universal detectors, it has a linear response and is 
sensitive. 
In order to try to establish the full capability of the system, further development will 
be necessary and comparisons made against other "universal detection systems". 
Also a wider variety of molecular weight compounds should be analysed and 
compounds which are not traditionally detected by FID should also be tried. 
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Stationary phases 
To increase the applications for the system, further polymeric stationary phases 
should be tried as well as ditTerent bonded versions ofZirconia-PBD, PGC and PS-
DVB, to try to enhance selectivity. Although silica based columns have been found 
not to be compatible with systems using water as the sole mobile phase, new bonding 
processes resulting in new ''phases'' are becoming more occurrent, therefore it would 
be prudent to try these phases for their increased stability. 
Also, there is a need for an ion exchange column, for the separation of sugars, which 
could be used at room temperature. This would result in an increase the sensitivity of 
both RI and LC-FID detectors. 
Further investigations should be carried out on both injection volume and column 
intemal diameter, to optimised the system. 
Improvements to the system 
As peak shapes were generally broad, this could be due to inadequate thermal 
equilibration along the anslytical column. Therefore there is a need for a more 
efficient column/mobile phase heating system. As already discussed, losses were 
observed on preheating the mobile phase prior to injection, therefore it appears that 
the system requires a temperature gradient between the injector and column. It is this 
gradient which should be investigated and optimised. The effect of band broadening 
should also be investigated and dead volume within the system minimised, to help 
the peak shapes. 
Superheated to supercritical water 
The solvating power of water has only been investigated at temperatures up to 
250°C. Temperatures above 250°C could otTer improved solvating power, due to the 
lower dielectric constant, for higher molecular weight compounds. 
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New directions to be studied 
Further investigations into pH control and aqueous buffers that could be used with 
the new LC-FID system should be investigated to determine the most suitable 
aqueous additives for the system. 
The development of a superheated water system capable of supplying a temperature 
gradient would be a great advantage for the system. As would the linkage of the 
system to a quaternary pump, whereby enabling the system to run a true gradient. 
A comparison of pre and post column derivatisation using superheated water as an 
eluent and comparing sensitivities against traditional LC and the new system would 
provide valuable information. 
The linkage of solid phase extraction to direct injection or superheated water 
chromatography FID and/or UV -Vis would be attractive. 
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Solid phase extraction and thermal desorption of acetophenone 
and m-cresol using superheated water or steam as the sole 
eluent 
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Steam or superheated water can be used to dfidently elute 
moderately polar and Don--polar compounds:from polymeric 
$Othen!! at temperatures up to 220 ·C without degrudation 
of the analyte. Acetophenone and m-cresol, as model 
compounds. have beea concentrated, from dilute aqueous 
solutions. using solid phose extraction (SPE) traps packed 
with polystyreDMivinylbenzeD. (PS-DVB) or poly(divi. 
nylbcnunc4 co-N .. vinylpyrro1idone). The technique offers 
low cost, ease of use and an environmentally friendly 
elueot. 
Introduction 
Solid phase extraction (SPE) iI wid.ely employed for sample 
preparation and enables trace enrichment, purification or 
removal of interfenmcc$ to be perfonncd. on dilute solutions of 
analytes. prior to chromatographic or specr:roacopic analysis.' 
Non-polar saments, such as silica ba.sed CII phllSe!, are 
typically used to trap organic compounds from aqueous 
solutions. The methanism ofsotption is through Van der Waals 
forces and occnsionally secondary interactions. such II.S dipolc-
dipole or hydrogen·bonding between the .solute and the 
sorbent.1 Aromatic polymeric supports. such as polysryrenc-
divinylbe:nzene (PS-DVB). generate additional interactions 
with the n electrons of the analYtC. It is for thia reason titD.t 
polymeric sorbents arc mon: retentive than Cl I' nw can 
provide adciicioruU selectivity between analytes. The releue of 
the analytes from the SPE trap requires a mucb smaller volume 
of organic solvent that would be needed for liquid-liquid 
ext:ra.ction. However. with repetitive assays even this amount 
can be significant and the solvent is often incompatible with a 
subsequent separation using n:vcrsed·phase Le. 
At ambient tempernrun:s, wucr is a relatively weak chroma· 
tographic solvent due to its· higb polnrity (dielectric constant 
EH10 == 79 at 20 DC).l Under elevated temper:1tures and 
pressures, its polarity and dielectric constant decreue so mat 
E~o == 55 at 100 DC. EH10 = 44llt 150 DC, E~o ,. 31 a~ 220 DC 
and E.-m ,. 1.1 These: diclecaic constants are often similar to 
those of methanol-wl1ter mixtures. for example ~ ..... 18J' = 
'5 for a 50.:50 mixture. ~.... = 45 for a 70: 30 mixture 
and Enu.lhAl>Qt = 32.3 
It nas been demoruttated thllt witel' It supcrcri.ticDl (400 'C. 
350 bar) and superheated (250 DC, 50 bar) temperatures can be 
used as an nltemative to organic solvents. for the extraCtion of 
polycyclic aromatic hydrocl1l'bons (PARs). n·alkancs, alkylbcn· 
zencs and polychlorinatcd biphenyls (PCBs) from river secli~ 
men[ and soil samples;~7 The cold aqueolJS extracts were 
usually concentr:ued by absorption onto a sorbent tr.lp nnd the 
ex.tract wa:s released using organic solVents. In one of these 
sNdies. it WDS found that steam successfully extnlCtcd n· 
a.lkanes. whereas superhl!ated wa.ter was less successful,1 
It ha:! also been shown dut wntcr at tempcr.trures above 
100 DC. under sufficien( pressure to remain as a liquid. js 
cnpable of replacing org~c-aqueous mixtures used in re· 
vcrsed·ph.a.se HPLCl-12 and steam has been uacd a.s 11 mobile 
phase for gaa chromlUOgr:1phy.13.J4 
The prosen, wort .XlltI1inos the trapping of aoalytea from 
dilute aqueous solutioas onto differeru polymeric: supports and 
their subsequent release using superheated water or ste3m. 
replacing the usual organic modifim. The effect of differeDt 
. I;oncentratioas. load times and t:hcrmal dcsotption conditions 
have been eumincd. 
Experimental 
Rengents 
. Oeioniscd water. 18.2 MO was obtained from an Elga Mnxima 
HPLC purification unit (EIga. Wycombe. UK). Acetonitrile, 
far·UV ,grade: was from FlSher Scientific (Loughborough, UK). 
Test compounds were of analytical ~ from Sigma-Aldrich 
(Oillingham, Don.~ UK). 
Extraction conditions 
The extraction system consisted of a Waters 590 pump 
(Taunton. Massachusetts, USA). attach.ed to a prch.eacing coil of 
sWnl ....... 1 tubing (I m X 0.50 mm id) and • SPI! trap. both 
of which were placed inside a ?ye Unicam series 104 QC oven 
(Cambridge. UK) controlled isothermally by a Pye Unicam 
oven programmer (Fig. 1). A cooling coil of the same 
dimensions was cOMected directly after the trup outside of the 
oven. A bad.:~preuure re.strictor was attached to the cnd of the 
cooling coil to provide a back pressure of 83 bar for 
acetophenone and 1.52 bar for m-cresol at 1 ml min-I flow rate. 
The water was deoxygenated using nitrogen to prevent any 
oxidation to the sample or corrosion within the system. 
Fig. J Equipment for S.PE of analyr= using supemeuted water or ste:un. 
Componenu: I. salvenr i'esorvair conealning WII.tcr. 2. reset'ioir tontaining: 
aqueous arudyte; 3, oven tl:mpcnuure programmer: 4, pump; S, oven; 6. 
preheann,g .coil; 7. SPE trap: 8. thermometer: 9. cooling/condensation coil; 
10. blll::k.pre:osure nwr;aor; and 11. Collection viii!. 
A.nal. Commun., 1999, 36, 375-377 375 
This journal Ls e The Royal Soc:iety of Ch.emistry 1999 
Appendix 1 
E;ctractioa scheme 
The experiment comprised of two stnges. The first stage was to 
load the dilute aqueous sample, lU ambient temperarure. on to 
the cold SPE tr:Lp at 11. flow rate of 1 m1 min-L, without a back· 
pressure restri.ctor. The trap was then washed with water to 
remove any residual smnple solution. The flow was then 
stopped. In the second stllge. me back·prc3Sure resttictor was 
fitted and the temperature of the oven wu raised to the desired 
elution temperature. The flow wu restnrted and the sample was 
eluted off the tr:I.p and collected after the cooling coil 'When 
steam was used as the extraction solvent the back.pressun:: 
restrictor was omitted Illld. the condensed Uquid was colle(:ted. 
For !hese studies. !he SPE trap was prepared from a guard 
column (Upchurch Scientific. UK) and was packed with 20 mg 
of either PLRP-S (5 ~m. lOO A. PS-DYB. Polymer Lab ••• 
Shropshire. UK) or po!y(divinylbonzene-co-N-vinylpym>li-
done) (30 ~m. 30 A. OIlJis lILBTW. Wa<m Lld. Massach .... "". 
USA). Prior to trapping, the traps were conditioned by passing 
10 m1 dcionised waterthrough at a flow rate'of 1 m1 min-1, The 
flow was then stopped and the tCInpcratuie of the oYen was 
1"D.iJed to 150·C for a period of 5 min and a back·pres.sure of 97 
bar WI3 applied. Afu::r this period. the trap oven WIlS cooled Ill1d 
the deioniscd water flow was started until me wb.ole syStcnl 
reached room temperarun:. 
Chromatographic conditions 
Quuntiflcation of the extract W'1i carried out using a LC system 
coosisting of a Wa.ten 590 pump, a Rhcodyne 7125 manual 
injector (Cotad. CA, USA) fitted with a 20 ~l1oop. olones 7960 
bloci: heater (Hengeed, UK) at 27 'c. The analytc. were 
.eparate~ on a Spherisorb OOS 2. (5~. 150 mm X 4.6 mm id, 
Phase Separations. Clwyd, UK) column and we~ deteCted 
using a Pye UniclUl1 4025 variable UV-Via actector (at 245 om 
for acetophenone and 21S run for m-creso1). All aaalytes were 
quantified using a five.point external calibration curve. Data 
acqUisition was obtained by a Spectra Ptlysics SP4270 in-
tegrator. 
Results and discussion 
The aim of the srudy was to demonstrate: the trapping of a dilute 
aqueous solution of analytc onto a polymeric sorbent and its 
subsequent release as a conccntftued solution using supcrhetUed 
water or steam as the elution solvent. 
Elution wing superheDted water 
Concentration or acetophenone using a PS-DYB packed 
SPE trap. A dilute aqueous solution of acetophenone (0.0024 
mg ml- I ) was applied to a conditioaed trap I1t a flow roue of 1 
ml min- I for a period of 40 min (giving a totlll sample mass of 
0.096 mg). The trap was then washed with S ml cold water to 
remove My reSidual sample solution. nu: flow was' then. 
stopped and the tempen:arun: of the oven was raised to 220 GC. 
then a back-pressure restrictor (which had previously been 
calibrated to supply 83 bar at a flow r:uc of 1 m1 miD-I) was 
attached to the cooling coil and the flow was teStarted. The first 
1 ml of eluent was collected and quantified by KPLC. The 
sllmple contained 0.0864 mg, which represents a. recovery of 
90%. Further 1 ml fractions were collected and analysed by 
HPLC. but were found not to conuin My analyte. A 
rept::ltD.bility study was underti1ken on the use of the same 
pacli.ed trap Md gave a me:ltl recovery of 88.2%, S (%) :I 3.87 1 
n := 5 .. 
10 order to determine the maximum degree of concentration 
that could be: performed on the sorberu, a. 1 I solution of 
acetophenone (0.096 mg 1-1) was pumped through the trap to 
give the snme total loading. The trap was washed with 5 mI ~f 
cold water nnd eluted at 220 GC to give a 76.3% recovery. This 
suggested chat de:lpite thc \lU'ge volume exU'tlCted, both the 
376 Anal. CDmmun .• 1999. 36. 375-377 
165 
trapping and thermal ciesorption wm: efficient'and a significant 
degree of concentrOLtion could be obtained. 
Concentration of m-cresol using a PS-DVB packed SP! 
tnlp.lnitiAl studies found tha.t the optimum elution tempenuute 
for m.cresol WDJj 210 GC and the maximum volume of dei.orused 
water that could be applied to the trn.p. as an in.termecWuc wash, 
without sample loss, WQS 4 ml. A dilute aqueous solution of m-
cresol (3 X 10"" mg ml- I ) was applied to a. conditioned Enlp Ill: 
a flow r:ue of 1 rnl min- I for a period of 40 min (giving a mw 
of 0.012 tog). After washing and elUtion the first I m1sample 
contained 0.011 mg, which represents a recovery 01 91 'Q. A 
~pcntabiliry srody was undertaken on the some packed trIlp and 
g3.~e a mean recovery of 93.5%,1 (%) =- 3.53. IZ a 5. 
~ with acetophenone. !he mWmum degree of concencratioD 
wu examined. A litre of a dilute aqueous solution of m-cresol 
(1.l X 10-' mg ml-1) wu loadocl onto a conditioned trap 
(giving a to"'" of 0.012 mg) and .Iuled as described. However. 
the recovery was onJy 10%. Further invcstigations found tluU 
even I\, 200 mlload of a solution of m-cresol (0.012 Illg) Save a 
recovery of only 20%. It wu concluded th.a1: the analyte was 
being eluted off £he trap at ambient tcmpcrarure by the large 
volumes of dilute aqueous aample. 'This was confinned whim 40 
ml of m.crcso} solution (0.012 mg) wu loaded onto a 
conditionec1 trnp. followed by a 60 ml wash of deionised water. 
On subsequent elution., £he recovery obtained was only 6%. 
These results are in agreement with Slobodnik and co-
workers, U who found that a decrease in concCt1tr.1.non resulted 
in an increase in cne b~a.k.througn '101ume from an SPE trap 
packed with PS-DVB, resulting in lower recoveries. 
Eludon USing steam 
Concentration ot acetophenone usina: a SPE tnlp packed 
with Oasis HLBTIIf. This polymeric material is mo~ polar than 
pS-Dva and it might be expected to tulve a higher retention of 
polar analytcs. As the aorbent has increaaed water wettabilityl6 
compared to PS-DVB, it should provide pater trapping 
capacity for large volumes of aqueous solutions. However, a 
repeal: of the concentnUion scheme as dcscnbcd above for 
acetophenone but USing a trap packed with Oasis HLBTM 
rcsultec1 in negligible recovery upon elution. JvJ. investigation 
into the cause of the Iow recovery found mat the sotbcnt 
appeared to collapse in the liquid flow and so is not suicab\e.for 
U!e D.t the back-pressures and tcmperarures neccssal')' to 
genorate supemeiltcd water. 
However, if the back·pressure restrictor was omitted from the 
system and elution of the analyte wa.s by Stc1lm at 210 DC, a 
recovery of 95% wu obtained in me first m1 of the condensed 
Wl1ter. Although this sorbcnt was not designed for repented 
use,l6 a repeaabilicy study was undertaken on the use of the 
same packed trap. It was found mnl by the third consecutive 
prcconcentration, the recovery had decreased from 96.3 to 
62.5%. A further sNd)' was undel1aken using tr.I.p8. which wen: 
fresbly packed with Oasis before each preconcentrl11i.on. The 
result was a mean reco'very of 90%, s (%) =- 3.24. n =: .5, 
suggesting ttuu column degradation had occurred in the 
previous ex.periment. 
A solution of 11 of dilute acetophenone (0.012 rng 1-" was 
loaded onto the crap but released using steam as the eluent 
instead of superheated Water. The result of the sNdy w~ an 
8"3.4% ~covery of ncetophenonc in the finr 1 m! . .fnt,ca.on, 
demonstrating efficient trapping and tbennill dcsorpoon. 
Concentrntioo or m-cresol using a SPE tr::&p packed with 
O;lSi.s HLB'TIW;. Again. it was found that a negligible recovery 
was achieved in the releo.se of m-cresol when using superhe!Uf:d 
water but ex.rraction with steam resulted in a recovery of 95%. 
A repeambilicy srud.y. using the same trap found thllt after t;,he 
fourth consecutive extraCtion the recovery dc1:rellSCd from 9!).9 
tQ 25%. again suggesting the collapse of the phllSc. Good 
recoveries in the range > 90% were only :tehievublc when a 
freshly packed trap was used for each extraCtion. 
Appendix 1 
Th~ maximum degree of concenU'lltion was determined by 
loading 0. 1 I solution of dilute aqueous m-cresol (0.012 mg 1-L) 
on to a preconditioned tr:lp. The trAp was then washed with 4 ml 
dt:ionised water, m·Cre3oi WilS eluted in the fU'st 1 ml Wling 
steam at 210 DC. The result of the experiment was a n:covery of 
84%, suggesting that both trapping and thennal desorption were 
efficient and a signific:uu degree of conccnO'tltion bad been 
achieved. 
Conclusions 
The use of water or steam as an extraCtion eluent for .solid phase 
extraCtion has been demonstrated. Reproducible recoveries can 
be obrained from an SPE !rap packed with PS-DVB. using 
superheated water as the extraction elucllL 
Higher recovcrica of non-polar and polar analytes. at trace 
levels. were obtained using IUl SPE trap packed with Oasis 
HLBTM, using steam as an extraction eluent, whereu with this 
polymer recoveries using superheated water were low. Further 
work is being undcruken to examine the concentration of non-
polar analytes such u naphthalene. ~. 
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